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ABSTRACT
The most difficult problem associated with the sulfatlon of lime-
stone is the inability to achieve full conversion within times of inter-
est. A primary goal of this experimental study is to understand the
limits on the reactions involved, and to develop guidelines for processes
in which the limestone can be utilized entirely.
Conditions are found for full utilization relevant to fluidized-bed
coal combustion. The major conclusion is that for full sulfation, it is
necessary to directly sulfate the carbonate:
CaCO3 (s) + SO2 (g) + 1/2 02 (g) -- 4 CaSO4 (S) + C02 (g),
not allowing the carbonate to decompose to oxide. Once the oxide forms,
the sulfation of it becomes limited by very slow product layer diffu-
sion. With an electron microscope, the surface of directly sulfated cal-
cite has a porous surface structure, while sulfated pre-decomposed cal-
cite appears nonporous and sintered. The porous product layer allows the
SO2 easier access to the reaction core, and is probably caused by the
concurrent escape of the C02 gas.
100% sulfation was achieved by heating 2-3 um particles of single-
crystal calcite in a TGA at 200C/minute in 3000 ppm SO2 and 5% 02. Lar-
ger particles sulfate to a lesser extent, forming a shell of sulfate at
the same rate, regardless of particle size. Larger particles would fully
sulfate by increasing their reaction time. The reaction is modeled as a
shrinking core, with reaction control at the interface, and a specific
rate constant is presented.
The drop-tube furnace work involves dropping particles of limestone
through the reactive gases, at temperatures between 900-12000C and resi-
dence times up to 2 seconds. Decomposition precedes sulfation, so there
is no direct sulfation of the carbonate. Sulfation of the oxide inter-
mediate is relatively small, generally under 15%.
The net rate of sulfation depends on the rate of formation of oxide,
but the rate falls off to negligibly slow values after the formation of
only several molecular layers of sulfate. The temperature of decomposi-
tion is found to determine the surface area of the oxide, and thus
affects the subsequent extent of sulfation. Sulfation conversion de-
creases as temperature is raised, in this range.
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Summary
Introduct ton
The concept of using limestone to capture acidic gases such as
sulfur dioxide is old, though interest is heightened recently by pro-
jected increases in coal usage and the accompanying increases in sulfur
oxide production. An efficient method of minimizing these emissions into
our environment is sought, especially from existing coal-fired power
plants.
Two vastly different types of coal-fired boilers exist in industry.
One is a fluidized-bed coal combustor (FBCC), which operates at a rela-
tively low temperature (ca. 900 0C), and has a long solids' residence time
(P 12 hours). The other type is a pulverized coal combustor (PCC), which
operates at much higher temperatures, has a very short solids' residence
time (( 2 seconds), and is often operated with both chemically reducing
and oxidizing zones.
The chemical reactions involved with achieving the absorption of S02
by CaC03 in an oxidizing environment are usually:
CaCO3 (s) +--+ CaO (s) + C02 (g), and
CaO (s) + SO2 (g) + 1/202 (g) -- + CaSO4 (s).
The oxide formed via the first reaction is very porous.
When limestone is used in either combustor, it is under-utilized;
that is, full conversion to calcium sulfate is not reached. In FBCC
systems, less than 507. utilization of each particle is achieved; Ca/S
ratios of more than 2 (molar) must be used. In PCC systems with "dry
scrubbing," utilizations are usually below 20-25%.
Several factors account for these low conversions. The molar volume
of calcium sulfate is larger than that of the carbonate, so the solid
volume expands with its formation. In large particles, the pores of the
calcium oxide react preferentially near the surface, causing them to
close or "plug." Further reaction is very slow and involves solid-state
diffusion through this outer shell. In smaller particles, the sulfation
occurs more uniformly throughout the particle. The rate is controlled at
the grain level, usually by solid-state diffusion through the growing
product layer of calcium sulfate. When this occurs, the rate is strongly
affected by the surface area (grain size), and the final conversion may
be limited by the porosity of the oxide.
Enhanced utilization of calcium salts as sulfate acceptors was shown
by Snowl in earlier work using thermo-gravimetric analysis (TGA). See
Figure 1. He found a strong effect of the decomposition on the sulfa-
tion, and was able to sulfate nearly to the 100% level. The bulk of the
sulfation seemed to occur at the point of decomposition, whether the salt
was the hydroxide, the carbonate, or the oxalate. These results were,
though, only for slow heating rates and the long times characteristic of
FBCCs.
Several explanations for this phenomenon were hypothesized. One
explanation was a theory proposed by J.A. Hedvall. 2  In 1912, Hedvall
discovered transient increases in solid reactivity during structural
transformations, including decompositions. This theory is based on the
existence of a greater concentration of crystal dislocations during
I Snow, M.J., "Studies of the Interactions of Calcium Oxide with Acid
Gases." Mass. Inst. of Tech.: 1982. Master's Thesis. pp. 108-118.
2 Hedvall, J.A. Solid-State Chemistry: Whence, Where, and Whither. New
York: Elsevier Publishing Co., 1966.
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FIGURE 1:Simultaneous TGA Decomposition and Sulfation
from Snow, M.Sc., 1982
1000
transformation and therefore higher solid-state diffusion rates. A
second hypothesis was that the size of the oxide grains formed at the
decomposition interface is transient3 and can allow higher reactivity and
greater sulfation if given the chance. The third and actual explanation
was that a change in chemical mechanism occurs, producing a product with
a physical structure conducive to continued reaction.
The main goal of this thesis is to explore these hypotheses and
Snow's observations as they apply to the sulfation of limestone. This
involves investigating the responsible mechanisms, broadening the early
TGA work, quantifying the conditions under which the enhanced reactivity
occurs, extending the concepts to the high-temperature combustion regime,
and answering some of the fundamental questions about these complex gas-
solid reactions.
Two experimental regimes are studied, each corresponding to a dif-
ferent coal-burning process. Work done in the drop-tube furnace applies
to pulverized-coal combustors; work done in the thermogravimetric analy-
zer applies to fluidized-bed combustors.
Testing for reactivity enhancement involves measuring and comparing
the rates and extents of sulfation of limestone, and the material proper-
ties of the products formed, with and without the decomposition. In the
drop-tube furnace (short residence time, high temperature) this involves
three sets of experimental reactions: the decomposition alone, the com-
bined decomposition and sulfation of the limestone, and the sulfation of
pre-decomposed limestone. Particles of limestone are dropped through a
3 Nicholson, D. "Variation of Surface Area During the Thermal Decomposi-
tion of Solids." Faraday Society Trans. 61 (1965): 990-98.
given distance in an electrically-heated furnace in the presence of the
reactant gases, cooled rapidly and collected for analysis.
Under the first set of conditions, the carbonate decomposes with no
sulfur present: one determines the rates of decomposition, and monitors
the development of the internal structure, without the influence of the
sulfate. In the second set of experiments, the sulfation reaction occurs
during the decomposition of the carbonate. Here, it was hoped, the
sulfation rate would be enhanced. The third set involves sulfating
particles of porous calcium oxide, i.e., calcium carbonate which has been
previously decomposed. In this case one sulfates, and studies the change
in, an oxide of predetermined internal structure.
In the TGA experiments, a bed of particles of limestone is heated,
sometimes through its decomposition point, in the presence of 502 and
02. This allows three modes of sulfation: direct sulfation of the cal-
cium carbonate before decomposition, sulfation of the decomposing car-
bonate, and finally, sulfation of the calcium oxide remaining after the
decomposition.
The techniques used for studying the material and chemical proper-
ties of the samples include X-Ray Diffraction (and Line Broadening),
X-Ray Fluorescence, Scanning Electron Microscopy, Mercury Porosimetry,
Nitrogen Adsorption, and Thermal Analysis.
Summary: Results and Discussion
Two sets of experiments will be discussed here. The first encom-
passes the TGA sulfation study. The (successful) results, their inter-
pretation and modeling, and their implications will be presented. The
second set of results presented is from the high-temperature drop-tube
furnace decompositions and sulfations.
Two kinds of TGA sulfations were done. In most cases, a bed of
particles was heated in the TGA at a constant rate in an atmosphere of
S02, 02, C02, and helium. Particle size and C02 concentration were
varied, and the bed weights were recorded and analyzed. The other exper-
iment involved heating a bed of particles in the TGA in C02 (to prevent
decomposition) to a given temperature, and then adding 502 and 02 while
the bed remained isothermal.
The first kind of experiment provides raw weight data such as that
in Figure 2. The lower curve represents the decomposition during which
only C02 and helium are present; in the upper curve S02 and 02 are ad-
ded. The sample is seen to gain a significant amount of weight in the
upper curve below the temperature of the decomposition. This is ascribed
to the direct formation of calcium sulfate via the following mechanism:
CaCO3 (s) + S02 (g) + 1/2 02 (g) -- + CaSO4 (s) + C02 (g).
Once the normal decomposition point of the carbonate is reached, what is
left of it decomposes, and the resulting calcium oxide continues to
sulfate.
Figure 3 presents the conversion analysis of those weight results.
The "plus signs" indicate the calculated sulfation conversion for the
"direct" sulfation of the carbonate, and the "triangles" indicate the
calculated sulfation conversion of the oxide present. Neither calcula-
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FIGURE 3: TGA Simultaneous Decomposition and
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tion properly represents the conversion during the decomposition of the
balance of the carbonate, as the weight is in such flux.
The above results are for one particular combination of particle
diameter and C02 concentration, namely the 10-12 Um cut of Iceland Spar
calcite in 2% C02. A matrix of determinations was carried out for 6
particle diameters (2-106 ym) and 4 partial pressures of C02.
The following table presents the final sulfation results for the
matrix of conditions tested. This conversion includes both the direct
sulfation of the carbonate and the subsequent sulfation of the oxide.
Sulfation conversion is seen to be a strong function of particle size and
a weak function of C02 concentration.
Table 1: TGA Sulfation Results (to 1100 0C)
Dp(microns) 95% C02 50% C02 10% C02 2% C02
2<Dp<3 100.9% 100.3% 100.3%
5<Dp<7 82.5% 76.5% 63.4% 62.5%
10<Dp<12 62.2% 51.8% 39.0% 35.6%
19<Dp<21 50.6%
45<Dp<53 25.6%
90<Dp<106 15.3% 16.8%
One isothermal direct carbonate sulfation was done at 800 0 C using
the 10-12 pm Iceland Spar. The conversion-time data are presented in
Figure 4. The C02 level (95%) was such that no carbonate decomposition
was allowed, and the conversion to sulfate is seen to increase consis-
tently over almost 3 hours to 80%. When the data are plotted according
to the different shrinking-core mechanisms, only that for reaction con-
trol is linear in time. It is piecewise linear in two sections, indi-
cating either an initial rate acceleration or a partial diffusion limita-
tion at later stages. The initial rate increase could be explained by
the presence of smal l surface structure on the part i cl es and i s model ed
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by a bimodal particle-size distribution. The best fitting curve indi-
cates about a 15 weight percent fraction of 1 micron diameter particles
included in the 11 um sample. A product-layer diffusion control model
shows much more rapid slowing of the rate than is seen in the data. A
partial diffusion limitation could decrease the rate at the higher con-
versions. These model correlations are included in Figure 4.
The nonisothermal data can also be explained by considering each of
the particles to react as a shrinking-core with reaction control at the
core/shell interface. The measured conversion-time relationships for the
different conditions reflect the combination of an activated rate con-
stant increasing with temperature and the slowing of the reaction with
conversion due to the shrinking of the core. As discussed later, analy-
ses of the rates of all of the different particle sizes provide a single
value of both rate constant and activation energy. This correlation and
the linearity of the isothermal conversion model curve help validate this
interpretation as reaction control.
When calcium oxide is sulfated, the product layer formed has proper-
ties which create a diffusional barrier to further sulfation. The layer
is solid, and diffusion occurs via a solid-state ionic diffusion mec-
hanism and is relatively slow. On the other hand, when the carbonate is
sulfated directly, the product layer is porous and allows gas-phase
diffusion into the reactive interface. The two pictures in Figure 5 il-
lustrate this. The top SEM photograph shows the outside sulfate layer of
a porous calcium oxide particle exposed to SO2 and 02; this layer appears
sintered and impervious. By contrast, the bottom SEM photograph shows
that the product layer created via the direct sulfation mechanism is
porous, and would allow much faster diffusion into the interior of the
FIGURE 5a: SEM Photomicrograph of Iceland Spar Limestone.
Sulfated for 80 minutes at 9700C after Decomposition
(1.5 cm = I ym)
FIGURE 5b: SEM Photomicrograph of Iceland Spar Limestone,
Sulfated Directly by Heating in 3000 ppm SO2 + 5% 02(1.5 cm = I mm)
particle. This shell of sulfate is thought~to be kept porous by the
continuous outflow of the C02 generated by the direct exchange reaction.
When particle size is varied, the differences seen in rate and
conversion are due entirely to the relationship between their initial
radius and the independent rate of formation of the shell: a given shell
thickness represents more conversion in a smaller particle. Figure 6
presents the TGA conversion data that show the effect of particle size.
Note that the curves are similarly shaped, with the smallest particles
showing significantly more reaction.
The apparent CO2 effect is caused indirectly by the different tem-
peratures at which the core of CaCO3 decomposes. Less C02 present causes
the core to decompose at a lower temperature, and allows a shorter time
for the direct reaction to occur. Once oxide has formed, it not only
sulfates at a lower rate, the rate slows even further with conversion.
When a single particle-size cut is sulfated in different concentrations
of C02, as in Figure 7, the results show that the same conversion-time
path is taken by each before the decomposition. The difference between
the curves is the point at which each begins to decompose (the discon-
tinuity in the curves). The rates of sulfation (of the oxide) subsequent
to the decompositions are lower than before them. The resulting final
conversions are therefore much different.
The behavior of the different samples can be modeled mathematically
using the interpretation given above. The differential rate for a first-
order reaction controlled spherical interface can be described by:
dX/dt = 3/i*([-t/) 2  (1)
where "X" is the molar conversion, and "T" is defined by:
- = p*R/(k*C) (2)
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where "p" is the molar skeletal density of the original solid, "R" is the
particle radius, "k" is the reaction rate constant, and "C" is the molar
concentration of gaseous reactant. The actual order of the reaction with
respect to S02 concentration is unknown, since "C" was not varied.
(Because oxygen concentration was 5% (excess), its effect would be con-
stant.) The rate expression can be rederived for fractional-order kin-
etics once the order is determined. "k" is assumed to follow Arrhenius-
type behavior:
k = ko*exp{-Ea/Rg*T}. (3)
For isothermal reaction "k", and therefore "1", are constant, and
the conversion relationship becomes the familiar:
X = 1-(1-t/T)3. (4)
For reaction under transient thermal conditions, equation (1) must be
integrated:
X = f dx = 3*f (1/)*(1-t/1)2 dt, (5)
since i is no longer constant (t=r(T) and T=T(t)).
The integration can be carried out more simply by integrating for
the depth of penetration given that "k" defines an interface velocity.
The conversion is then calculated from this integral shell thickness.
With a linear heating rate (T=To+At (6)) the integral can be solved using
the Exponential Integral function (EI) and the result can be approximated
as:
3
X(T) = I - [1 - (koC/pR)*(T/A)*exp{-Ea/RgT)/(Ea/RgT+2 )]s (7)
To determine the rate constant, the nonisothermal sulfation conver-
sion data were numerically differentiated. "k" was determined as a
function of the instantaneous temperature using equations (1), (2), and
(3), and assuming that "p" has the value 2.71x10-2 [mol/cm 3], "R" is the
particle radius [cm), and "C" is the S02 concentration [3.41x10-8
mol/cm3]. The following is found to hold for the wide range of particle
diameters tested:
k = 71.8 exp{-15300/1.987*T} [cm/sec]. (8)
The mean activation energy was found to be 15.3 [kcal/mol], with a
standard deviation of about 1.6 for the 5 different particle sizes in 95%
C02. Since this activation energy is much smaller than that found for
calcite decomposition (49 [kcal/mol]), the rate of decomposition would
surpass that of the direct sulfation once the carbonate was above its
decomposition temperature. Thus, it is impractical to try to directly
sulfate decomposing CaC03.
The nonisothermal model, with the above expression for "k", is
compared to two sets of data in Figure 8. The agreement is good, es-
pecially noting that the particles were not heated at a constant rate
throughout. The model assumes the final heating rate, A, of 200C/minute
for the duration of the heating.
Re-evaluation of Snow's M.Sc. TGA data for Ca(OH)2 and CaC20 H20
sulfation in light of the new interpretation yielded interesting re-
sults. Very little direct sulfation of the hydroxide occurred before it
decomposed, since it does so at such a low temperature. The CaO formed
at this low temperature was very reactive. It sulfated nicely up to
nearly 70%, near the theoretical pore filling limit of 56%.
The oxalate monohydrate followed the direct carbonate sulfation
mechanism with a twist. Calcium oxalate is the calcium salt of oxalic
acid. In the TGA it decomposes as follows:
CaC204-H20 (s) -- + CaC20 (s) + H20 (g), at 1250C,
CaC204 (s) --+ CaCO3 (s) + CO (g), at 4750C,
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CaC03 (s) -- + CaO (s) + C02 (g), at 6500 C.
On the loss of the water of hydration, no sulfation of the oxalate occur-
red. However, when the oxalate decomposed to porous carbonate and CO,
this carbonate sulfated very quickly, essentially to full conversion as
it was formed. The molar volume of calcium oxalate is 57.2 (cm3/mol],
larger than that of calcium sulfate, 46.0 [cm 3/mol], so particle expan-
sion is not a problem, and the resulting sulfate would even be porous.
Figure 9 shows the decomposition and the sulfation of the oxalate as a
function of temperature. Note that no deviation between the two weights
occurs until the carbonate begins to form at about 4500C. Figure 10 is
the conversion analysis for the formation of CaCO3 and its sulfation.
Note here that the carbonate is transformed to CaSO4 almost as soon
as it is formed.
At the high-temperatures, simultaneous decomposition and sulfation
displays much different behavior. Under these conditions, formation of
calcium oxide is observed indicating that decomposition precedes sulfa-
tion.
In the drop-tube furnace, after falling through the given environ-
ment a set distance and residence time, the samples are collected and
analyzed for chemical content and physical structure. The decomposition
conversion, X1, is defined by the fraction of the original carbonate that
has decomposed. The sulfation conversion, X3 , is normalized to provide a
measure of how much of the available CaO has reacted to CaSO4. The
measured surface area (N2 B.E.T.) is similarly normalized to the weight
of products formed from the carbonate, since the original carbonate has
essentially no surface area or internal porosity. This gives a measure
of the specific surface area available for reaction. Knowing the spe-
cific sulfation and surface area allow one to calculate the thickness of
the layer of sulfate formed.
The decomposition of 50 um particles of calcite is incomplete at
9000C within the available 2 seconds, but by 10000C full decomposition is
seen. Above this temperature, the decomposition has a low apparent
activation energy. It appears limited by mass transfer of CO2 across the
porous CaO, and by heat transfer from the external gas (endothermic
reaction). The model for this is presented in Appendix 4 of the thesis.
It is indicated that the particles are somewhat self-cooled and build up
an internal pressure of C02. The rate of decomposition is found to be
independent of the concurrent sulfation. Figure 11 presents the ratio of
the sulfated to the unsulfated decomposition conversions. The majority
of the values are near unity, signifying this independence.
Though the total surface area of the particle increases as the
particles decompose, the specific surface area of the oxide formed is
constant. Figure 12 presents the CaO-specific surface area formed in the
absence of SO2 as a function of time and temperature. Not only are the
surface areas formed large (up to 82 m2/g-CaO), but they are highly
dependent on the temperature of formation. In addition, there is no loss
of surface area after initial formation on this time scale.
The magnitude of the surface area formed, S, is important for the
sulfation. For example, if the rate of sulfation is limited by the
diffusion through the shell of product formed at the grain, the time to
full sulfation, t, is directly proportional to the square of the grain
size, and inversely proportional to the square of the specific surface
area (since for a spherical grain Rg = 3/(S*p)). With such a strong
dependence, forming large surface areas is imperative.
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The formation of decreasing surface areas with increasing tempera-
ture has been reported by others, 4 but is attributed to increased sinter-
ing as temperature is increased. In this study it is found that each
increment of surface formed has the same area. That area remains con-
stant with time. Therefore, the size of the grain formed is determined
by the rates of nucleation and recrystallization of the oxide. The
temperature, and possibly the partial pressure of C02, affect these
rates. Increasing the temperature of decomposition increases the equi-
librium pressure of C02, and decreases the surface area. The findings of
stable surface areas which are dependent on formation temperature are
unique to this study.
Sulfation of the oxide formed behaves in a manner similar to that of
the surface area formation. For a given condition, the oxide is found to
sulfate to a given level as it is formed. The oxide-normalized sulfation
conversion remains nearly constant with time. This implies that reaction
slows considerably (on the 2-second time scale) once a layer of sulfate
is formed. See Figure 13. According to the figure, 8 to 13% of the
available oxide sulfates under these conditions. The sulfated fraction
remains remarkably constant with time at each temperature, though de-
creases as temperature is increased. Above 1150 0C, the conversion drops
rapidly, because the sulfate becomes thermodynamically unstable.
Other investigators5 , 6 ,7 have modeled the formation of sulfate as
4 Hartman, M., and 0. Trnka. "Influence of Temperature on the Reactivity
of Limestone Particles with Sulfur Dioxide." Chem. Eng. Sci. 35 (1980):
1189-94.
5 Bhatia, S.K., and D.D. Perlmutter. "The Effect of Pore Structure on
Fluid-Solid Reactions: Application to the S02-Lime Reaction." AIChE Journal.
27 (1981): 226-34.
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either a grain or pore reaction with product-layer diffusion control-
ling. Under this assumption, the normalized sulfation conversion in-
creases steadily with time. In this work of Borgwardt's, he finds about
20% sulfation of precalcined limestone (23 m2/g) in 5 seconds at 11250C,
though his sulfation conversion continues to increase with time. This
conversion correlates with about 8 molecular layers of sulfate evenly
formed over the entire internal surface. Using Bhatia and Perlmutter's
derived product-layer diffusivity (8.6x0-13 m2 /sec), one would expect a
much thicker product layer to form in times of order 2 seconds (700 A).
Other work of Borgwardt's 8 shows the same characteristics found in
this study. One sample with 5 m2/g sulfated quickly to about 9%, and
remained at this conversion for over 10 minutes. DeLucia 9 studied the
analogous system of the formation of carbonate from porous oxide. He
found the reaction to occur in three regimes: a fast internal surface
coverage to several molecular layers, diffusion through this layer until
the pores filled, and slow diffusion to any trapped oxide grains within
the particle.
Two models are presented here which are consistent with the sulfa-
tion data. The phenomenon of interest in this system is the rapid forma-
tion of a given amount of sulfate followed by very slow further uptake.
6 Hartman, M., and 0. Trnka. ibid.
7 Borgwardt, R.H., et al. "EPA Experimental Studies of the Mechanism of
Sulfur Capture by Limestone." Presented at the 1st Joint Symposium on Dry S02
and Simultaneous SO2/NOx Control Technologies. (EPA/EPRI) San Diego, CA,
November 13, 1984.
8 Borgwardt, R.H., N.F. Roache, and K.R. Bruce. "Method for Variation of
Grain Size in Studies of Gas-Solid Reactions Involving CaO." Unpublished
Report. U.S. EPA (IERL): 1984.
9 DeLucia, D.E. "The Cyclic Use of Limestone to Capture C02." Mass. Inst.
of Tech.: 1985. Master's Thesis.
In the first model, the sulfate is assumed to form uniformly on the
available oxide surface; this corresponds to the first regime identified
by DeLucia. The diffusion coefficient governing transport through this
layer for further reaction must be very small to account for the rate of
reaction in the second regime. The second model assumes that a type of
pore-plugging exists to explain the slowing of the rate. This model
invokes the pore-tree system of Simons.10
The number of molecular layers of sulfate formed on the surface is
calculated from the surface area of each sample and the normalized con-
version. For a flat plate, the thickness of a single crystal layer of
calcium sulfate is calculated to be 4.24A. Given the density of CaO, p
[3.32 g/cm3 ], its unsulfated measured surface area, S [m2/g-CaO], and
this monolayer thickness, 8 [A], the number of layers formed can be
calculated from the normalized conversion:
n = X3*10 4/(S*6*p). (9)
These are presented in Figure 14 as a function of temperature. The
number of layers is very small, between 2 and 5, and it increases with
temperature but does not grow appreciably with residence time. DeLucia
also found 2 molecular layers to be the limit of his primary surface
coverage. The rate of formation of this initial layer of sulfate is
temperature activated. An Arrhenius activation energy of approximately
10.5 [kcal/mol] explains the temperature dependence. Subsequent diffu-
sion through this layer is slow, as it does not appear to grow with time,
even at the highest temperature. The solid-state diffusion coefficient
presented by Bhatia and Perlmutter (8.6x10~ 3 m2/sec) would predict
10 Simons, G.A. "Char Gasification. Part II. Transport Model." Comb.
Sci. and Tech. 20 (1979): 107-16.
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much more growth in 2 seconds. The purity of the calcite used may ac-
count for this lower diffusion rate.
The second model follows Simons and assumes a bimodal pore-size
distribution exists. If the reaction rate per unit surface area is fast
enough, the larger pores will feed the smaller ones which plug with
product at their openings. An increase in the amount of sulfation with
temperature before micropore closure is consistent with a pore-mouth
plugging mechanism. Comparison of the measured surface areas, porosi-
ties, and pore diameters suggests the existence of a pore network with
pores smaller than the measurable 30A. Both models can predict a con-
stant oxide sulfation followed by diffusion on a much longer time scale.
This model, however is also consistent with the surface area and poros-
imetry results.
Empirically, then, temperature has two opposing tendencies: as the
temperature is decreased more surface is formed, but the amount of sul-
fate formed decreases. The overall balance of these effects is to de-
crease the sulfation as temperature is increased.
With either interpretation of the sulfation, and considering that
the calculated effectiveness factor is unity, there should be no effect
of particle size on the sulfation. However, a weak relationship is
found. Over the range 2-50 ym diameter, the sulfation conversion in-
creases as particle diameter to approximately the -1/3 power:
logio(X2) = -.298 -.390*logio(Dp(jym)). (10)
This effect is thought to be caused by larger surface areas formed in the
smaller particles resulting in more sulfation. Two reasons are proposed
for the formation of a larger surface area in the smaller particles. For
one, analysis shows that the larger particles would build up higher
concentrations of C02 within them, and a lower surface area would form
within them. Second, the smaller particles decompose nearer the inlet of
the furnace where the gas temperature is lower, causing higher surface
areas to form. No data was taken on the effect of particle size on
surface area.
Sulfation conversion was found to increase with P(S02) to approxi-
mately the +1/2 power:
logio(X3) = -2.80 -. 536*1ogio(P(SO2)(ppm)). (11)
This is consistent with what others have found and is indicative of the
formation and diffusion of the ionic species (Ca++SO;-).
Summary: Conclusions
The conclusions from the low temperature portion of this study
are that:
1) complete conversion of CaCO3 to CaSO4 can be achieved if the carbo-
nate is sulfated directly;
2) decomposition of the CaC0 3 should be avoided;
3) the reaction proceeds in a shell-progressive fashion, with reaction
rate control;
4) the particle size dependence is first-order because of this;
5) the shell of product CaSO4 is porous and allows gas-phase diffusion
through it;
6) whole-particle expansion is enabled with this mechanism; and
7) porous CaC03 from the decomposition of calcium oxalate is very
reactive toward S02 and 02-
The conclusions from the high-temperature portion of this study, in
light of the low-temperature findings, are that:
1) the rate of decomposition of the CaCO3 at temperatures significantly
in excess of the decomposition temperature is faster than that of
the direct sulfation of the carbonate; therefore
2) the high sulfation conversions discussed above are not possible via
this mechanism;
3) the surface areas formed by such in-situ decomposition can be large,
decrease with increasing temperature of formation, though do not
sinter on the time scale of interest (2 seconds);
4) the oxide formed is observed to sulfate to between 8 and 13% within
0.5 seconds; subsequent reaction is slow on a 2 second time scale;
5) one model which describes these phenomena assumes that the CaSO 4
covers the CaO surface evenly, so the conversion is proportional to
the surface area of the oxide and to the thickness of the sulfate
layer formed at that temperature; the sulfate thickness is of order
several molecular layers, diffusion through it is slow on the time
scale of interest;
6) the second model assumes that the pore structure is a bimodal "pore
tree," with the diameter of the smaller pores under 30 Angstroms;
these small pores plug at relatively low conversion, limiting fur-
ther reaction; and
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7) the overall effect of increasing temperature is to decrease the
amount of sulfur captured.
1. Introduction and Background
The concept of using limestone to capture acidic gases such as
sulfur dioxide is old, though interest is heightened recently by pro-
jected Increases In coal usage and the accompanying increases in sulfur
oxide production. An efficient method of minimizing these emissions Into
our environment is sought, especially from existing coal-fired power
plants.
Two vastly different types of coal-fired boilers exist in industry.
One is a fluidized-bed coal combustor (FBCC), which operates at a rela-
tively low temperature (ca. 9000C), and has a long solids' residence time
(P 2 hours). The other type is a pulverized coal combustor (PCC), which
operates at much higher temperatures, has a very short solids' residence
time (( 2 seconds), and is often operated with both chemically reducing
and oxidizing zones.
The chemical reactions involved with achieving the absorption of S02
by CaCO3 in an oxidizing environment are usually:
CaCO3 (s) +--+ CaO (s) + C02 (g), and
CaO (S) + S02 (g) + 1/202 (g) -- + CaSO4 (s).
The oxide formed via the first reaction is very porous.
When limestone is used in either combustor, it is under-utilized;
that is, full conversion to calcium sulfate is not reached. In FBCC
systems, less than 50% utilization of each particle is achieved; Ca/S
ratios of more than 2 (molar) must be used. In PCC systems with "dry
scrubbing," utilizations are usually below 20-25%.
Several factors account for these low conversions. The molar volume
of calcium sulfate is larger than that of the carbonate, so the solid
volume expands with its formation. In large particles, the pores of the
calcium oxide react preferentially near the surface, causing them to
close or "plug." Further reaction is very slow and involves solid-state
diffusion through this outer shell. In smaller particles, the sulfation
occurs more uniformly throughout the particle. The rate is controlled at
the grain level, usually by solid-state diffusion through the growing
product layer of calcium sulfate. When this occurs, the rate is strongly
affected by the surface area (grain size), and the final conversion may
be limited by the porosity of the oxide.
Enhanced utilization of calcium salts as sulfate acceptors was shown
by Snowl in earlier work using thermo-gravimetric analysis (TGA). See
Figure 1.1. He found a strong effect of the decomposition on the sulfa-
tion, and was able to sulfate nearly to the 100% level. The bulk of the
sulfation seemed to occur at the point of decomposition, whether the salt
was the hydroxide, the carbonate, or the oxalate. These results were,
though, only for slow heating rates and the long times characteristic of
FBCCs.
Several explanations for this phenomenon were hypothesized. One
explanation was a theory proposed by J.A. Hedvall. 2  In 1912, Hedvall
discovered transient increases in solid reactivity during structural
transformations, including decompositions. This theory is based on the
existence of a greater concentration of crystal dislocations during
transformation and therefore higher solid-state diffusion rates. A
second hypothesis was that the size of the oxide grains formed at the
I Snow, M.J., 1982.
2 Hedvall, J.A., 1966.
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decomposition interface is transient3 and can allow higher reactivity and
greater sulfation if given the chance. The third and actual explanation
was that a change in chemical mechanism occurs, producing a product with
a physical structure conducive to continued reaction.
The main goal of this thesis is to explore these hypotheses and
Snow's observations as they apply to the sulfation of limestone. This
involves investigating the responsible mechanisms, broadening the early
TGA work, quantifying the conditions under which the enhanced reactivity
occurs, extending the concepts to the high-temperature combustion regime,
and answering some of the fundamental questions about these complex gas-
solid reactions.
Two experimental regimes are studied, each corresponding to a dif-
ferent coal-burning process. Work done in the drop-tube furnace applies
to pulverized-coal combustors; work done in the thermogravimetric analy-
zer applies to fluidized-bed combustors.
Testing for reactivity enhancement involves measuring and comparing
the rates and extents of sulfation of limestone, and the material proper-
ties of the products formed, with and without the decomposition. In the
drop-tube furnace (short residence time, high temperature) this involves
three sets of experimental reactions: the decomposition alone, the com-
bined decomposition and sulfation of the limestone, and the sulfation of
pre-decomposed limestone. Particles of limestone are dropped through a
given distance in an electrically-heated furnace in the presence of the
reactant gases, cooled rapidly and collected for analysis.
Under the first set of conditions, the carbonate decomposes with no
sulfur present: one determines the rates of decomposition, and monitors
3 Nicholson, D., 1965.
the development of the internal structure, without the influence of the
sulfate. In the second set of experiments, the sulfation reaction occurs
during the decomposition of the carbonate. Here, it was hoped, the sul-
fation rate would be enhanced. The third set involves sulfating par-
ticles of porous calcium oxide, i.e., calcium carbonate which has been
previously decomposed. In this case one sulfates, and studies the change
in, an oxide of predetermined internal structure.
In the TGA experiments, a bed of particles of limestone Is heated,
sometimes through its decomposition point, in the presence of S02 and
02. This allows three modes of sulfation: direct sulfation of the cal-
cium carbonate before decomposition, sulfation of the decomposing carbon-
ate, and finally, sulfation of the calcium oxide remaining after the
decomposition.
The techniques used for studying the material and chemical proper-
ties of the samples include X-Ray Diffraction (and Line Broadening),
X-Ray Fluorescence, Scanning Electron Microscopy, Mercury Porosimetry,
Nitrogen Adsorption, and Thermal Analysis.
2. Experimental Apparatus and Procedures
2.1 Limestones-
Several natural limestones were received from different quarries,
all of which had been used in an Argonne National LaboratoryI study. A
pure calcite, Iceland Spar, came In its single crystalline form, and was
optically clear.2  This latter was mined in Mexico and delivered by
Ward's Company. Of the natural limestones, only two were used in this
study: one from Cianbro Corp. Quarries3 in Union, Maine, and one from
Rigsby & Barnard Quarries in Cave-tn-Rock, Illinois. The Cianbro lime-
stone was meant to emulate ANL-9402; the Rigsby limestone was meant
to emulate ANL-9803.
2.1.1 Chemical Composition
All of the limestones were analyzed chemically by Galbraith Labs,
and the results are presented in Table 2.1. The direct analysis provided
weight percents of the major metals present, in their oxide form, and a
value for the total carbonate present. These were reduced to molar
quantities for this presentation.
I Johnson, I., et al., 1980.
2 This calcite has the property of optical birefringence.
3 Lime Products Co.
Table 2.1: Limestone Analyses (mole fractions)
Compound Iceland Spar4 Cianbro Rigsby
CaCO3 .9915 .815 .964
MgCO3 .044 .018
502 .00855 .104 .000
Na20 .0038 .0031
A1203 .020 .015
Fe203 .0071 .0004
S .0066 .0003
2.1.2 Particle Sizing
The particles were crushed using a ceramic rolling mill, with 1/2-
to 1-inch cylindrical balls. The material was periodically removed and
sieved through large opening sieves, the larger material returned for
further crushing. Once the material was all below a given size (106
microns, nominal), it was sieved into smaller fractions.
These sieved fractions had nominal cutoff points of 106, 90, 53, 45,
and 38 microns. It was desired to have a wide variety of narrow cuts in
particle size, namely 90-106 um, 45-53 um, and so on smaller. To obtain
the smaller size cuts a centrifugal separator was used; this machine is
called an Accucut (Model A12), and is made by Donaldson. The Accucut was
used to disperse then separate the material below 38 microns into coarse
and fine fractions. The following cuts were made using the Iceland
Spar: 21, 19, 12, 10, 6, 5, 3, and 2 microns. This distributions between
19-21 ym, 10-12 um, 5-6 pm, and 2-3 um. All of the material was run
through the separator twice to insure cleaner cuts.
The sieved material underwent another process to remove the smaller
material from the particles' surfaces. An industrial vacuum cleaner
4 Weight fractions.
5 All "inerts".
pulled air through each lower sieve screen directly past the particles.
Electron microscope pictures verified that surface "dust" was effectively
removed. Optical microscope pictures of the sieved distributions were
used with an Image Analyzer to estimate the particle size distributions.
One distribution for 45-53 micron Iceland Spar is included in Figure
2.1. The Image Analyzer reports an area and perimeter length for each
2-D object it sees. From these, an effective particle diameter and
"circularity" value can be estimated. Circularity is unity for a circle,
and has the value n/4 = .785 for a square.
The smaller 4 cuts of Iceland Spar were put through an X-Ray size
classifier (Sedigraph), made by Micromeritics. This uses their terminal
velocity to estimate their sphere-equivalent diameters. These results
are included in Appendix 1.
2.1.3 Initial Surface Areas and Porosimetry
Nitrogen adsorption and B.E.T. analysis provided surface areas of
each of the original limestones. The values are all very small relative
to those of the porous calcium oxides derived from them. In fact, they
nearly match the expected external surface areas for spheres:
Sg [m2/g] = 6/(2.71*d[um]).
Table 2.2 contains the measured surface areas for the various
limestones. Note that the surface area of Rigsby limestone is higher
than the others, indicating internal surface.
Table 2.2: Limestone B.E.T. Surface Areas
Limestone (45-53 ym) Surface Area [m2/gJ
Iceland Spar .207
Cianbro .270
Rigsby .576
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Porosimetry results for the original limestones is presented here
for the Iceland Spar, the Cianbro, and the Rigsby (45-53 um). The Ice-
land Spar is essentially nonporous, as expected. The Cianbro and the
Rigsby have a little intrusion in the sub-micron range. These pore
intrusion plots are combined in Figure 2.2. Compare these with the
intrusion plots for reacted limestones in Figure 3.16.
2.2 Thermo-Gravimetric Analyzer (a.k.a. TGA)
The TGA used in this study is a Cahn instrument, modified by
Floess, 6 and is well described in his Ph.D. thesis. It was further
modified to allow the presence of S02 by the addition of the requisite
feed system and by the reversal of the flow of gas in the heated chamber
to upflow. This allows the concentration to be set and known, since
mixing with the purge gas is now done downstream of the reaction cham-
ber. The drawback is that the mass transfer resistance becomes slightly
higher. A total gas flow of 200 [sccm] was used. The only operating
difference from Floess was that a higher purge gas flow was used to
prevent the back-flow of SO2 into the balance chamber.
The TGA was used for two purposes. For the chemical carbonate
analysis, a portion of the collected sample was heated in Helium through
the decomposition point of CaCO3, and the weight-drop data was used to
determine the original carbonate composition. For the sulfation experi-
ments, 5 [mg] of limestone was spread carefully on the pan, the system
closed, the reactive gases directed into the chamber, and the furnace
heated as desired. In all cases the weight and temperature data are
collected with a 2-channel Bascom-Turner digital data acquisition instru-
6 Floess, J.K., 1985.
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FIGURE 2.2: Mercury
ment for later analysis. Unfortunately the setup did not allow tempera-
tures above about 1000 0C to be recorded; this temperature data is there-
fore all offscale.
2.3 Drop-Tube Furnace
The drop-tube furnace used for this study was designed and built by
T.W. Hastings. It is well described in his thesis,7 and outlined below.
2.3.1 Design and Operation
A schematic drawing of the furnace apparatus is presented in Figure
2.3. The reactor is essentially a 3-inch vertical tube through which
gases flow downward, surrounded by an electrically heated element. The
particles are injected downward at the top of the reaction zone and fall
at their terminal velocity relative to the velocity of the gas.
The particles are collected, after falling a preset distance, in a
water-cooled, nitrogen-aspirated copper probe, and are separated from the
gases either by a sintered bronze filter (5 um pores), by a "fluoropore"
Millipore filter (0.2 pm) supported by the sintered bronze, or by a
4-stage centripeter device. The centripeter was calibrated by the manu-
facturer with 30 [1pm] air, and has nominal particle diameter cutoff
points of about 15 um, 7 pm, and 2 pm, the final filter collecting all
else. The Millipore filter was found necessary in order to collect the
smaller injected material, as it would pass ,through the sintered bronze.
The centripeter was used to look for differences in properties in the
collected size fractions, with interest toward the attrition loss of a
7 Hastings, T.W., 1984.
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highly sulfated product layer which contribution might otherwise go
unnoticed and unmeasured.
The particles are fed in at a constant rate, usually 8-9 "ml/hr" on
the syringe-pump scale, for the time required to collect as much sample
as necessary for the subsequent analyses. The actual rate was about
80-100 [mg/minute).
For this study, an alumina muffle-tube was used since the S02/02/C02
environment is oxidizing. Helium was used as the main carrier gas to
reduce the mass-transfer resistances. The temperature profiles had to be
remeasured since Hastings measured them in Argon. This is described
later, and in Appendix 0.
The operating procedure was modified a little, in view of the fact
that long temperature transients were measured whenever the cold probe
position was changed. Runs on any given day were done with the probe
position constant, and only the power level (set point, therefore temper-
ature) was changed. This minimizes the transients and forces the temper-
ature profiles to be more similar in shape between runs.
Each run is characterized by setting the drop distance and the
temperature "set point." 8 These correspond to setting the residence time
and average temperature. Estimates of these two latter quantities are
made using the furnace model of Hastings'. This model is also described
in his thesis. It first calculates the temperature profile from a set of
measured profiles using a biquadratic function (of set point and drop-
distance). This temperature profile is then superimposed on a function
describing developing laminar flow to obtain the centerline gas veloci-
8 The set point is the millivolt output of a single Boron Graphite-
Graphite thermocouple positioned midway down the outside of the muffle
tube, and is nearly proportional to temperature.
ties. The particles are assumed to drop along the centerline with a
total velocity including that of the gas, and a balance between their
initial injection velocity, deceleration, and terminal velocity. The
residence time is calculated by integrating the calculated velocity.
Average temperature can be calculated several different ways. This model
assumes a chemical activation energy of 49 [kcal/mol] and defines this
average temperature as that with which a first-order reaction would
achieve the same conversion within the same time using the calculated
temperature profile.
In actuality, the various averaging methods (spacial-, time-, and
activated-) had little effect (±IOOC) on the value. Figure 2.4 presents
the temperature profile for a 6-inch drop distance and a set point of
261. The activated-average temperature for this profile is 11000C, it
reaches a peak temperature of 11400C, has a time-based average of 10890C,
and has a spacial average of about 10870C.
In Figure 2.5, five profiles are shown, for the five different drop
distances. In each case the average temperature is 11000C. However,
note how different the shapes of the profiles are, and how much the
temperature varies over each whole drop distance. This is-why consec-
utive data points cannot be compared rigorously to one another, and why
the furnace cannot be called truly isothermal. The measured temperatures
are very close to these biquadratic approximations.
Figure 2.6 presents the final set points used for the experiments,
as a function of average temperature and drop distance. The numerical
values and the residence times calculated for each set of conditions are
tabulated in Appendix N.
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2.3.2 Gas Streams
The gas streams into the furnace were modified for this study. The
configuration described in Hastings' thesis did not include an SO2
stream, and allowed only C02 or 02, not both, to be introduced. A mass
flow controller designed for mixtures of 502 in Helium was added, and
recalibrated using pure Helium. An arrangement was made for C02 to enter
the furnace at the same time as the 02.
The 02 line had to be reconfigured. It was determined at one point
in the experimental development that S03 was forming within the furnace,
and was condensing on the water-cooled internals, gumming them up and
corroding them. By adding the 02 separately from the other gases, and by
not preheating the main gas stream before it entered through the top
flange, this problem disappeared.
H20 was added during one set of runs to test its effect. This also
caused condensation problems. These were solved by reducing the partial
pressure of the water so its dew point to near 00C. This was achieved by
humidifying only a calculated portion of the gas to 100% at room tempera-
ture, and mixing this humid gas with the balance of the gases. (No
effect of the water was seen on the sulfation reaction.)
2.3.3 Characterization
The furnace characterization most needed was that of the gas temper-
ature when using Helium as the main carrier gas. The data were collected
in a manner similar to that of Hastings, and his program for determining
the best biquadratic fit of the temperature profiles was used.
The raw temperature data and the values used for the best biquad-
ratic fit are summarized in Appendix 0. Temperature profiles were mea-
sured at three set points (150, 200, 250), for five drop distances (6",
10", 14", 18", and 22"), and generally temperatures were measured at 2
inch Intervals. Chromel-alumel thermocouples were used, with .010 inch
diameter wire. No compensation for radiation was included.9
The set points were chosen to be in the range of furnace tempera-
tures to be studied, i.e., 900-12000C, and the correlation more accurate
than the Argon ones in this regime because of it.
One phenomenon was noticed during the temperature characterization
which had a bearing on the later experiments. Long transients were
measured whenever the water-cooled probe was moved; after such an adjust-
ment, temperature dropped steadily 140 over 3 hours and continued to
drop at the same rate even 2 hours later (see Figure 2.7). The later
experiments were all performed by leaving the probe height fixed, and
changing only the power to the furnace; this way the profiles remain
similar in shape, and transients are minimized.
Temperature depended also on the flowrate through the furnace.
When the flowrate of Helium was changed from 0.0 to 6.0 [standard liters-
/minute] with the set point at 150, the drop distance at 22", and the
thermocouple at 2": temperature dropped steadily from 9740C to 9530C.
(See Figure 2.8.) The gas temperature near the collection probe in-
creased as flowrate increased (see Figure 2.9). When the Helium flow
through the water-cooled feeder (0.163 [slpm]) was turned on and off, no
effect was seen, even at 2".
9 Snow found the radiation correction unnecessary when using a two-
thermocouple measuring technique in a similar furnace. The two different
sized beads allowed the contributions due to radiation and convection to
be separated, and the true gas temperature to be estimated. The gas
temperature was found to be within 50C of the smaller (.005 inch diameter
wire) bead's temperature.
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When the flow was switched from Helium to Argon, the temperature at
2" dropped approximately 100 and then rose to near its original value.
The opposite happened when Argon was switched to Helium. At 20", near
the tip of the cold probe, the gas made a more significance: for one set
point in Helium the temperature measured 8590C and in Argon, 8740C. This
is presumably due to enhanced convective heat transfer to the cold probe
with Helium. The values measured in Argon are found to be well within
the range expected from extrapolating Hastings' measurements to this
range.
A large temperature difference was seen if the bottom 0-ring seal
was loosened. The flow patterns (including any recirculation) presumably
change significantly if all of the gas does not exit through the probe.
No effect was seen when the nitrogen quench gas inside the cold probe was
turned on and off.
2.4 Analyses
2.4.1 Chemical
The reacted particles (decomposed or sulfated, or both) are assumed
to be comprised of several compounds, ideally a mixture of CaCO3, CaO,
and CaS4. The goal is to determine the chemical composition of the
reacted products, in order to say something about their rates of reac-
tion. The problem was attacked in the following manner.
Two kinds of analyses are done on each sample. A portion of the
sample is heated in the TGA in inert gas up to about 9500C to decompose
any CaCO3. Another portion is analyzed for Sulfur using X-Ray Fluores-
cence (XRF). These two analyses, and information on the original state
of the limestone, are enough to accurately estimate the chemical composi-
tion of the sample.
The XRF analysis provides the quantity: S/Ca (molar) ratio. It does
not say what form the balance of the calcium is in. The TGA analysts
provides an initial sample weight, a weight drop at 700-9000C (C02), and
a final sample weight. This information is fed into a program which
assumes the following: 1) that the amount of inert material (e.g., SiO 2)
remains constant, 2) that the weight drop is entirely due to C02 loss,
3) that any MgC03 present decomposes in the same proportion as the CaCO3,
and 4) that the final TGA weight is made up entirely by CaO, MgO, CaSO4,
and inerts. The weight and mole balances are calculated, and molar
conversions are obtained. The program listing and a sample input and
output from the program are included in Appendix A.
2.4.1.1 X-Ray Fluorescence
The X-Ray Fluorescence (XRF) is used to analyze the samples for
Sulfur content relative to Calcium content. Basically, the samples are
irradiated with high-energy X-rays, causing the atoms present to fluor-
esce at their characteristic energies, and a detector monitors the amount
of radiation coming from the sample at each characteristic energy. The
signals from the samples are compared with those from known standards,
and chemical compositions are interpolated.
Specifically, "Cu" or "Mo" radiation is used (35 kV and 7.5-15 mA)
to excite the samples. The fluoresced "K-beta" radiation is screened
with the appropriate thickness of foil (Ni for the Cu radiation). The
Si-LI detector (1000 V) sends its signals to a multi-channel analyzer,
which are collected and accumulated for typically 300 seconds, and then
integrals of the "K-alphai" and "K-alpha2" peaks for both Sulfur (A(S))
and Calcium (A(Ca)) are calculated. Background integrals between the
peaks are taken and used to eliminate the background from the integrals
of interest.
For S/Ca molar ratios less than 0.2, this ratio is found to be
linearly proportional to the ratio of the integrals:
S/Ca = K * A(S)/A(Ca).
This makes calibration relatively easy. Several standards from S/Ca =
.03 to .25 to 1.0 were made up. The integrated Sulfur and Calcium sig-
nals are measured during each series of analyses, and a new "K" value is
calculated. This helps account for temporal variations in X-ray inten-
sity and detector performance.
Several measurements are taken for each sample, reorienting the
sample holder each time. A mean and standard deviation for the values
is calculated, and further measurements are done if the standard devia-
tion is too high. The accuracy varies: sometimes the best one can do
is .0635 ± .0105, but often one can obtain values such as .0928 ± .00061
A test of the method was done by having Galbraith Labs double-check
two of the samples. The XRF values matched the Galbraith values well.
See Figure 2.10 for a comparison of the measured signals with the known
calibration standards.
2.4.1.2 Thermo-Gravimetric Analyzer (TGA)
The TGA is used to determine the carbonate content of the samples.
This is done by heating a portion of the sample in an inert gas and
recording the sample weight as a function of temperature. Calcium car-
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bonate will dissociate between 700-9000C. The weight loss in this range
is presumed due entirely to the CO2 formed.
Several problems with this method exist. One is that the flow of
gas past the pan causes an apparent weight change; the weight of an empty
pan decreases as the temperature, and therefore the upward velocity of
the gas, increases causing more drag. This causes uncertainty in the
weight, but is minimized by using larger sample sizes, and can be cor-
rected for by knowing the weight changes from a "blank" run.
Another problem is the uncertainty ascribed to the dissociation of
any calcium sulfite which may be present. This compound dissociates in
the same range as, and would not be distinguishable from, the carbonate.
No action was taken. It is assumed that the sulfite was never formed
since an excess of 02 (5%) was present. Glasson and O'Neill1 0 discuss
the thermodynamics and thermochemistry of sulfite/sulfate formation and
stability.
2.4.2 Surface Area and Grain Size
Three ways of estimating the surface area and grain size of the
porous calcium oxide are employed. Nitrogen (N2) adsorption and B.E.T.
analysis is the main technique, and the most accurate. Integration of
mercury intrusion also provides a measure of the pore area. Finally,
X-Ray Diffraction Line Broadening (XRDLB) was tried in an attempt to
estimate the grain size.
10 Glasson, D.R., and P. O'Neill, 1980(a).
2.4.2.1 Gas Adsorption
A dynamic adsorption device manufactured by Quantasorb was used to
adsorb nitrogen onto the surface of the porous samples. B.E.T. analy-
sisll,12 is used to analyze the results, and provides a measure of the
available surface area.
One series of measurements provided the data for a full multi-point
B.E.T. analysis. The results are presented in Figure 2.11, and show that
using the single-point method introduces an error of about 5%, when the
P/Po = 0.3. Since the surface area measurements are primarily for com-
parison, from this point on the single-point method is used, and the 5%
error is ignored. (The actual values of surface area may be 5% higher
than reported.) Appendix D contains the single-point and normalization
equations, as well as a sample surface area calculation.
2.4.2.2 Mercury Porosimetry Surface Area
One of the bits of information available from mercury porosimetry
(Section 2.4.3) is an integrated surface area. This calculation assumes
no specific pore shape, requiring only an energy balance on the meniscus
interface. The method is detailed in Appendix E.
This method is inherently less reliable and accurate than the gas
adsorption method. One is the large sensitivity to the P-V data at high
pressures. Since the bulk of the surface area lies in the small pores,
errors in measuring the small volume of these pores are magnified into
large errors in the calculated surface area.
11 Brunauer, S., P.H. Emmett, and E. Teller, 1938.
12 Young, D.M., and A.D. Crowell, 1962.
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The second is the presence of unavailable pore volume. This has two
ramifications: either there exist pores smaller than the limit of the
machine (30 A diameter), which N2 adsorption can measure, or there exists
pore volume restricted by small apertures, so the mercury intrusion
misreads the relationship between pore volume, pore diameter, and pore
surface area, and gives a false reading. All in all, this method gives
unreliable results.
2.4.2.3 X-ray Diffraction Line Broadening
The theory behind this is that internal strain and limited spatial
regions of coherent diffraction cause a broadening of the diffraction
lines. With a suitable theory and assumptions, this broadening can be
translated into an estimate of the dimension of these spatial regions.
This theory is described by Doerr 13 in his thesis and by others.14
The operating equations are:
at 2 o2 + ag2 + s2,
1g= KA/Dcose, and
s = -2etanO,
where at is the total measured breadth, Si is the instrument breadth
(measured and corrected), as is the strain breadth, ag is the grain-size
breadth, K is a constant, A is the radiation wavelength, D is the length
of coherent diffraction (grain size), e is the strain, and e is one-half
the Bragg diffraction angle (20).
If it is assumed that the internal strain is negligible, then these
equations reduce to the Scherrer equation:
13 Doerr, W.W., 1979.
14 Langford, J.I., 1979.
(at2 - B,2)cos 20 = K2 /D2,
Alternately, the original equations can be rearranged, and conve-
niently plotted linearly, to extract both strain and grain size:
(at2 - 012)cos28 = K2X2/D2 + 16C 2sin 2e.
The problems associated with using this technique are that 1) the
results are very sensitive to measurement error, 2) they really only
apply to internal reflections along a single crystal axis, which are
difficult to find and nearly impossible to measure, 3) under the best of
circumstances, the technique is limited to the range 50-1000 A grains,
and 4) the instrument is neither enclosed nor sealed, and the calcium
oxide quickly hydrates, negating the possibility of any meaningful oxide
data.
Some good data was taken, and is presented in Figure 2.12. These
results confirm the order of magnitude of the grain size by comparison of
spherical grain diameter surface areas with the measured B.E.T. surface
areas. The technique is time-consuming, problem-ridden, and unreliable,
so was abandoned.
2.4.3 Pore Studies--Mercury Porosimetry
Mercury-intrusion porosimetry is used to help determine the internal
porous structure of the particles studied. Mercury intrusion is based on
the capillary law governing non-wetting liquids, and is described in
Appendix E.
Two basic relationships are needed to interpret mercury porosi-
metry results. The first is the relationship between the radius of a
pore and the applied pressure. The second relationship is a volume
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balance within the calibrated penetrometer, and provides such results as
bulk sample volume, pore volume, and skeletal-solid volume and density.
The procedure is also described in Appendix E. The results provide
directly how much pore volume is present at each pressure and therefore
pore diameter. Several properties are derived directly from this, in-
cluding the particle density, the apparent skeletal density, the total
pore volume, and a porosity.
2.4.3.1 Pore Diameters
The first relationship Is between the radius of a pore, Rp, and the
applied pressure, P:
P = -2ycosO/Rp,
or Dp = 180.87/P
with Dp in (microns] and P in [psia]. The maximum pressure of the
machine used is 60,000 [psia]; this corresponds to a 30 [Angstrom] dia-
meter pore.
The assumptions inherent in this relationship are that the pore is
cylindrical, that the mercury is non-wetting, forms a known constant con-
tact angle with the surface (e), and that the surface tension of the
mercury, y, is known.15  Problems are encountered when pores have "ink-
bottle" shapes, that is, when the mercury must intrude through a pore of
small diameter into a larger cavity. The data then indicate that much
more pore volume is available at that smaller pore diameter.
In the extreme, if the restricting pores are smaller than 30A,
the mercury will not penetrate into that volume at all, and it will
appear as hidden porosity, reducing the apparent skeletal density.
15 Surface tension is greatly affected by impurities.
Between about 5A and 30A, N2 can pass for surface area adsorption, and
mercury cannot, causing a discrepancy. This happens whether or not
the pores are Ink-bottle shaped.
2.4.3.2 Pore Intrusion Volumes, Porosities, and Densities
The second relationship is the volume balance within the calibrated
penetrometer, and accounts for the volume of the skeletal solid, the pore
volume, any volume between the particles, and the volume of the mercury,
all in a calibrated penetrometer volume.
For porous CaO formed from CaCO3, with no shrinkage, the expected
pore-volume intrusion is .351 [cm 3/g]. This corresponds to a porosity
(volume fraction occupied by the pores) of 0.53.
Given this perfect calcium oxide, and given that all of its porosity
is accessible to the mercury, the volume balance will provide the correct
value for the volume of the solid and therefore the skeletal density of
the solid. A density less than expected means only one thing: there is
hidden porosity, and the apparent skeletal volume includes some pore
volume. This also means that less pore volume than expected must have
been measured.
If one can estimate the skeletal density that was expected, knowing
the chemical content of the particle (mixture of CaCO3, CaO, and CaSO4),
the amount of unavailable porosity can be calculated.
If one then computes the sum of the measured and the hidden poros-
ity, and this sum gives the correct, expected total porosity, then the
conclusion can only be that no porosity loss occurred, and therefore
there was no particle shrinkage. Particle shrinkage was a critical
factor in the study by DeLucia16 on the reformation of the carbonate from
the oxide. This calculation is equivalent to his calculation of total
particle volume and density.
If the porous calcium oxide shrinks, the pore volume available for
sulfate formation will be lessened, and even lower than expected sulfa-
tion conversions may result.
16 DeLucia, D.E., 1985.
3. Experimental Results
This chapter contains three sections comprising the results of the
experimental decompositions of calcium carbonate, sulfations of pre-
decomposed calcium carbonate, and sulfations of decomposing calcium
carbonate. Within each section, the extent of chemical conversion is
presented, as well as the accompanying surface areas and appropriate
pore information. Related studies are presented within each section.
The decomposition conversion is defined as the fraction of the
calcium carbonate which has been transformed to either calcium oxide or
calcium sulfate. It is denoted here as Xi, the first of the two reac-
tions of interest.
The sulfation conversion is defined in two separate ways, denoted
here as X2 and X3. The first (X2) is simply the measured sulfur-to-
calcium ratio (S/Ca). X3, on the other hand, is a fundamental measure
of the sulfatability of the oxide. It measures the sulfation of the
calcium oxide which has become available up to that time. Though X2 is
of practical interest, it is misleading when sulfation and decomposition
occur simultaneously.
Conversion results are obtained using thermo-gravimetric analysis
(TGA) and X-ray fluorescence (XRF). Surface area results are derived
from BET analysis of nitrogen adsorption. Mercury porosimetry provides
information on the porous structure of the samples.
The specific conditions used for each run are included in Appen-
dix F. The conversion and physical characterization results are included
in Appendices G and H.
3.1 DECOMPOSITION
High-temperature decompositions of calcium carbonate were carried
out in a drop-tube furnace, with residence times up to 2 seconds. The
goal was to study this process* from a fundamental point of view, under
conditions relevant to a pulverized-coal combustor. It was hoped to
learn more about the rate-governing mechanism, the formation of the
internal structure, and its effect on the sulfation process.
Several parameters were varied. Results of these studies are re-
ported in this section. Among the variables are the average furnace
temperature, the type of bulk inert gas, the presence and concentration
of S02 and 02, the presence and concentration of C02, and the type of
limestone. The results show several interesting phenomena:
1) the decomposition is independent of the presence of S02 and the
formation of sulfate;
2) at 1100 0C the rate of decomposition and resulting surface area
are independent of the presence of 10% C02; at lower temperatures in
50% C02, the rates were considerably diminished;
3) three kinetic regimes are identified within the range of
temperatures studied;
4) the decomposition rate can depend on the physical properties of
the gas in the furnace;
5) different limestones decompose at different rates;
6) the particles do not contract in size (lose porosity) upon
decomposition, though there exists internal porosity inaccessible to
mercury porosimetry;
7) the pores developed are monodisperse, at 100-300 Angstroms;
8) the surface area of the calcium oxide formed from pure Iceland
Spar does not sinter in time, yet depends on the temperature of
decomposition; the oxide from Cianbro limestone shows sintering
with time; and
9) using SEM, the particles decomposed at 9000C look similar to the
undecomposed material, but at 12000C visible cracks have developed
(width 0.1-0.5 microns) which leave islands 10 microns wide.
3.1.1 Decomposition in Inert Gases
3.1.1.1 Chemical Decomposition Conversion
The goal of these experiments is to determine the rates of decompo-
sition and the fundamental processes governing conversion-time behavior,
and so to help determine how and if the subsequent sulfation process is
affected by it. The decomposition conversion is determined by analyzing
each sample for C02 content after it has dropped through a given tempera-
ture-time profile and has been collected. This analysis is done on a TGA
(see Section 2.4.1 and Appendix A).
It proved difficult to define a conversion-time profile because the
furnace is not quite isothermal and the temperature profiles are not
"similar" as the drop-distance is changed (see Section 2.3). Each data
point therefore represents the integral of all the influences on dropping
through its particular environment, and not the differential change
from the previous condition.
The first several Figures (3.1 through 3.4, and 3.7) present decom-
position conversion against residence time for samples dropped through
Helium. The first two figures show the lowest temperature data, at
900 0C. In Figure 3.1, the limestone is Iceland Spar (45-53 um), and in
Figure 3.2 the limestone is the Rigsby limestone. In both cases the data
show an increasing trend of conversion with time. The reaction is activ-
ated at this temperature and the scatter will be shown to be due to
nonequivalent conditions and thermal transients in the furnace. The
Rigsby decomposes significantly faster than the Iceland Spar. Rigsby has
a higher initial surface area than Iceland Spar, a determining factor
according to Borgwardt.1
I R.H. Borgwardt, 1985.
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At 9500C similar behavior is seen, with the rates for the Iceland
Spar faster than at 9000C. See Figure 3.3. The one Rigsby point is in
line with the Iceland Spar points, and is similar to the Rigsby points at
9000C.
The theoretical curves drawn represent typical traverses each set of
particles took to reach that conversion. These curves are for a spher-
ical shrinking core with reaction control at the interface.
Analysis shows that an activation energy of 49 [kcal/mol] 2 is rea-
sonable at these temperatures. With such a highly activated reaction,
variations in temperature of the order of 25-500C could explain the data
scatter. Since the temperature profile through which each particle falls
varies over 1500C, the observed scatter is not unreasonable. See Section
2.3 for a discussion of the furnace temperature profiles and transients.
The next figure of this set (Figure 3.4) presents the data from
the medium temperature range studied, i.e., 1000 to 11000C. The data now
are much more consistent, falling into a narrow band of increasing Xi
with time. These data show a remarkable insensitivity to temperature,
and little difference is seen between the Iceland Spar and Clanbro lime-
stones.
The theoretical curves drawn are again for a shrinking core, this
time with product-layer diffusion control. Figure 3.5 is a plot of the
1000-11000C data plotted as [1-3(1-X 1)2/3+2(1-Xi)] against time. The
data are properly bounded by the two lines drawn, and the intercept is
clearly zero, as required. A similar plot (Figure 3.6) using the reac-
tion control ordinate proved non-linear, and the intercept was non-zero.
2 Borgwardt, R.H., 1985.
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This is the justification for using these type of curves to bracket the
data.
Some anomalous behavior is apparent. At 11000C some of the Iceland
Spar went fully to completion, as did all of the Rigsby limestone. The
points displaying this behavior are clearly separate from those just
discussed.
The last figure presented in this set (Figure 3.7) contains the
highest temperature data, those from 1100 to 12000C. The data again fall
into two groups: some has fully converted even before the shortest drop-
distance, and some falls into the narrow band described above for the
medium temperature range. Note that no data falls between the two
groups; either the sample reaches full decomposition very quickly or it
doesn't.
Figure 3.8, an Arrhenius plot summarizes the Helium decomposition
data. The 100% conversion data does not permit a rate to be calculated;
however, a minimum rate can be calculated and is included in the plot as
a dotted line--the actual rate constants would be higher. Estimates of
the calculable rate constants are obtained using the shrinking-core model
with reaction control at the lower temperatures and product-layer diffu-
sion control at the higher temperatures.
Note that above about 9500C the data flatten out to an activation
energy of near zero. In addition, less variation is seen from experiment
to experiment at the higher temperatures.
The next Figure (3.9) contains a comparison of Cianbro decomposi-
tions at 11000C in Helium with and without 10% C02. No difference in
decomposition conversion is seen; this much C02 at this temperature has
no effect.
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The decomposition behaves differently in Argon. Figure 3.10 shows
the results of the decompositions of two limestones in Argon. Average
furnace temperature is the main parameter. Several distinct features are
evident.
At the low temperatures the curves are sigmoid in character. This
was first thought to be caused by furnace temperatures being much lower
than claimed, in combination with the expected 49 (kcal/mol] activation
energy, but measurements by this investigator confirm that the tempera-
tures are within a small margin of the calculated values, and are near
the Helium temperatures. (At 9500C similar sigmoidal behavior was ob-
served using Nitrogen as the main gas.) The sigmoid shape disappears
as the temperature is increased and the rates become less and less sensi-
tive to furnace temperature. Comparing the 1100, 1200, and 13000C curves
demonstrates this; they are only very slightly different. The rate at
1200 0C is still slightly below that in Helium, and the shape of the curve
is different.
A third feature is the similarity in behavior between the Iceland
Spar limestone and the Cianbro limestone. (Note the shaded and the
unshaded circles.)
Most important practically, however, is the implication that full
decomposition is achievable with the conditions of interest to pulver-
ized-coal combustors (Nitrogen-based).
3.1.1.2 Surface Areas
The specific surface areas of each set of collected particles decom-
posed were measured (see Section 2.4.2). The CaCO3 present (initially
0.2 [m2/g)) is assumed to contribute negligibly to the internal surface
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area of the reacted samples. Because of this, the measured values are
normalized to the weight of the products formed, in this case that of
CaO, to reflect only the specific surface area of the product (see Appen-
dix D for details of the calculations).
Figure 3.11 contains data showing the evolution of both the measured
and the normalized surface areas at one temperature. Without normal iza-
tion, the specific surface area rises with conversion toward its final
value. As a result, this surface area is not of interest. When normal-
ized, the CaO-specific surface areas are seen to be constant. That is,
all of the oxide that is formed has the same surface area!
Figures 3.12 and 3.13 present unsulfated CaO-specific surface areas
from Iceland Spar. The relationship between surface area and time can be
seen first in Figure 3.12. Strikingly, no sintering3 is seen; the pro-
duct surface areas remain constant with time for each temperature of
decomposition. (Though there is one anomalous point.)
The trend with temperature is shown more clearly in Figure 3.13: the
CaO-specific surface areas decrease with increasing decomposition temper-
ature. At 9000C about 80 [m2/g-CaO] is produced, and by 12000C only
about 20 [m2/g-CaOJ is seen. In Figure 3.14, the log of the mean surface
area above is plotted against temperature, and the relation is nearly
linear.
At 1IlO0C, 10% CO2 has no effect on the surface area of the oxide
from Cianbro limestone, as it was seen earlier to have no effect on the
decomposition rate. See Figure 3.15.
3 Defined here as surface area loss.
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3.1.1.3 Pore Studies
Mercury porosimetry, as described in Section 2.4.3 and Appendix E,
directly provides these four quantities: pore volume intrusion, pore
diameter of that intrusion, particle density, and skeletal density. From
these, one can estimate other quantities of interest, such as how much
porosity exists in the particle which is not accessible to the mercury,
and a measure of the surface area.
In this section both the directly measured and the inferred quanti-
ties will be presented for those samples analyzed (primarily from the
initially nonporous Iceland Spar).
Scanning electron microscopy (SEM) of Iceland Spar samples decom-
posed in Helium at a 22" drop-distance proved interesting. Iceland
Spar decomposed at 9000 C looks essentially like its single-crystal pre-
cursor; it has no visible surface texture even at a magnification of
20,000x, and all edges remain straight rhombohedral cuts. The decomposi-
tion at 1200 0C, by contrast, caused cracking to occur. The cracks are
visible at 2,000x and appear to be between 0.1 and 1 micron wide. These
divide up the otherwise flat surface of the particles into 10-15 micron
"islands." No surface texture was seen at higher magnifications; the
surfaces appear flat as at the lower temperature.
A set of typical volume intrusions is presented in Figure 3.16.
This particular set is for a series of temperatures from 9000C to 12000C,
at a constant drop-distance of 10 inches. Note that total pore intrusion
down to 30 [Angstroms] diameter varies from sample to sample, that the
amounts of intrusion are all less than the maximum value for CaO, and
that the position and shape of the intrusion varies. In this case, the
available pore volume increases as decomposition temperature is
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increased. This increase is much larger than would be expected given the
extents of decomposition.
Total pore-volume intrusion values (in cm3/g-sample) are plotted in
Figure 3.17 against temperature. No real trend is seen, though some
increase with temperature is noted, especially at the 10" drop-distance.
These values are replotted in Figure 3.18 against the decomposition con-
version, Xi, since the expected total intrusion varies with conversion.
For calcium oxide, decomposed from calcium carbonate, a maximum value of
0.351 [cm 3/g] is expected. The measured values are much less than ex-
pected. This is explained by the existence of porosity inaccessible to
the mercury.
Measured pore diameters are shown as a function of temperature, at
constant residence time, in Figure 3.19. This particular diameter is
that at which 50% of the pore volume has been filled. The pores formed
are in the range of 65 to 300 [Angstroms] in diameter, and increase with
increasing furnace temperature.
The trend suggests that at 9000C the pores are smaller than the
measurable range of the porosimeter, 30 [Angstroms]. Since there is
essentially no volume intrusion at 9000C, no diameter could be measured.
These findings coincide with the observation of higher surface areas at
lower temperatures.
Apparent particle density and apparent skeletal density values
indicate, respectively, if there has been any shrinkage or there is any
unreachable porosity. These are plotted in Figures 3.20 and 3.21 for a
series of temperatures at two constant drop-distances: 10 and 18 inches,
respectively. The expected skeletal density depends on the decomposition
conversion, and will vary between 2.71 (CaCO3) and 3.32 [g/cm 3J (CaO).
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The apparent particle density is obtained after intrusion to 500 [psia],
and the apparent skeletal density is obtained after 60,000 [psia].
The difference between the particle density and the measured skel-
etal density is directly related to the particle's measurable pore vol-
ume. The difference between the measured and the expected skeletal
densities is attributed to internal-pore volume not accessible to the
mercury. This inaccessible pore volume is termed here the "hidden poros-
ity." In all cases, the measured particle density is less than the
measured skeletal density, which is significantly less than the expected
skeletal density. There is no shrinkage of the particles' volume as seen
by DeLucia 4 , though there is considerable hidden porosity.
The "accessible," measured porosities are plotted in Figure
3.22(a). This porosity is defined as the fraction of the total volume of
the particle made up by the measured pore volume. Assuming no particle
shrinkage, these values should approach 0.53 as the decomposition ap-
proaches completion. The measured values are much less than this, even
at near full decomposition. Most of the porosities are less than 0.10.
The calculated values of the "hidden porosity" are presented in
Figure 3.22(b). By contrast, the hidden porosities are much larger than
the available porosities above.
The sum of the measured porosity and the calculated hidden porosity
does approach the expected value, as in Figure 3.22(c). This is a direct
result of the accurate measurement of apparent particle density for
particles with no shrinkage.
Pore surface areas, based on integrating the mercury intrusion
results, are presented in the next figure for comparison with the mea-
4 DeLucia, D.E., 1985.
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sured B.E.T. nitrogen adsorption surface areas. For each, the CaO-spe-
cific surface area is calculated and used. The mercury-intrusion areas
are not as accurate nor as reproducible as the nitrogen areas, because of
sensitivity to errors at the high pressures at which the intrusion oc-
curs, and because of the presence of the inaccessible pore volume and the
incompleteness of the intrusion.
In Figure 3.23, each sample's mercury porosimetry area is plotted
against the nitrogen adsorption area. Most of the intrusion-based areas
are less than the corresponding B.E.T. areas. Some, in fact, are signi-
ficantly lower, over the full temperature range. The most drastic com-
parison is at the lowest temperature, 900 0C. Here, there was essen-
tially no measurable intrusion, yet surface areas up to 80 [m2/g-CaO]
were measured using gas adsorption. Three samples (all at a 10-inch
drop-distance) show anomalously high intrusion surface areas, up to twice
as large as the gas adsorption-based areas.
At higher temperatures, the intrusion surface areas decrease with
increasing time in the furnace, with three exceptional points (see Figure
3.24). This observation coincides with that of the formation of larger
pore diameters as temperature is increased, as shown back in Figure
3.19. One of the exceptions (1050 0C, 10") corresponds to an anomalously
high measured porosity (see Figure 3.22(a)), and one (10500C, 22") cor-
responds to an anomalously small pore diameter (see Figure 3.19).
3.1.2 Decomposition with Sulfation
3.1.2.1 Chemical Decomposition Conversion
Only the decomposition results are presented in this section. The
concurrent chemical sulfation conversions will be presented in Section
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3.3. In this set of experiments limestone was dropped through the fur-
nace under the same conditions as the decompositions in Section 3.1.1
except that 3000 ppm S02 was present. 5 One goal of these measurements is
to determine how the decomposition differs from that without the sulfa-
tion. (A more practical goal is obtaining the conversion data necessary
for proper normalization of both the sulfation data and the surface area
data.)
Some of the decomposition conversion (Xi) results for Iceland Spar
decomposing in He, 02, and SO2 are presented in Figure 3.25 as a function
of temperature. For comparison, the unsulfated data are also included.
Sulfated results are highlighted by filled-in symbols. The 10" and the
14" series have lines drawn through them for easy comparison. (Compare
the solid lines with the dotted ones.)
The most significant results are 1) that the decomposition conver-
sion is unchanged in the presence of the sulfation and 2) that the data-
scatter is systematic and repeatable. The latter signifies that the bulk
of the scatter is not random variation, but is systematic and caused by
furnace conditions.
Figure 3.26 helps quantify the similarity between the unsulfated and
sulfated decompositions. It presents the ratio of the chemical decompo-
sition conversions for each pair of data -points. The majority of the
points fall within 10% of unity, signifying very good agreement between
each sulfated point and its unsulfated complement. Deviations are seen
at short drop-distances and lower temperatures, where the sulfated decom-
position was slower than the unsulfated.
5 5% 02 was present in both cases to keep the bulk physical proper-
ties more similar.
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To test the effect of CO2 on the sulfation of Iceland Spar, 45-53
micron diameter particles were dropped through a constant drop-distance
of 22 inches for a series of temperatures. The decomposition results
with 50% C02 are compared with results without C02 in Figure 3.27.
50% C02 has a significant effect on the decomposition rate, espe-
cially at the lower temperatures.6  Below 9500C, no decomposition is
seen. By 11500C, however, the decomposition proceeds nearly the same as
without the C02. In contrast, the 10% C02 testing results (Figure
3.9) agree well with the results in which no C02 was present.
The surface areas and pore studies for these samples will be treated
within the sulfation section, as they are more relevant there.
6 The thermodynamic dissociation temperature for CaCO3 in 0.5 [atm]
CO2 is calculated to be about 8550C.
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3.2 Sulfation of Pre-decomposed Calcite
3.2.1 Chemical Sulfation Conversion
The sulfation conversion data for porous, pre-decomposed limestone
particles are presented in this section. Xi, by design, is unity for all
samples. Both the variation with temperature at constant residence time,
and the variation with residence time at constant temperature were stu-
died, for comparison with the simultaneously sulfated limestone under
the same conditions.
The limestones had been decomposed in a porcelain crucible in a
horizontal tube furnace, with Helium flowing, at 9000C, just until the
resulting C02 concentration decreased to zero, about 15 minutes depending
on the sample size. The BET surface area of the CaO from the Iceland
Spar is found to be about 33 [m2/g], and it has a measured porosity of
about 13%, with pore-volume intrusion at 202 ± 23 (la) [Angstroms]. The
measured skeletal density (Hg porosimetry) is 1.91 ± .26 (g/cm3], indi-
cating a hidden porosity of about 36%. The BET surface area of the
CaO from the Rigsby limestone is found to be about 19 [m2/gJ. Its por-
osity and pore size were not measured.
In the first case, the variation with temperature at constant resi-
dence time was studied; drop-distance was held at 22 inches. The results
of this set of experiments are presented in Figure 3.28. The sulfation
conversion (X3 = X2) at this residence time increases with increasing
temperature, from about 0.06 at 900 0C to 8 maximum of 0.17 at 1150 0 C,
then decreases slightly by 1200 0C to 0.14. The Iceland Spar-based CaO
was used here.
In the two other cases, variation with residence time at 900 0C was
45-53 gm ICELAND SPAR
Pre-Decomposed in Helium
Sulfated in 3000 ppm S02 + 5% 02
Drop-Distance 22" (1.8 seconds)
01
1000
Temperature
FIGURE 3.28: Sulfation Conversion of Pre-Decomposed Limestone
Effect of Temperature
0.25
0.20
0.15F
(T)
"
x
0
C-
c
C
0
-r-
0
<r1
c-n
0.101-
0.051-
0.00
900 1100 1200
(C)
122
studied for the decomposed Iceland Spar and Rigsby limestones. See
Figure 3.29. In both cases, the sulfation conversion increased consis-
tently with time. After the full 1.8 second residence time, the Iceland
Spar-based particles reached a conversion of about 4%, and the Rigsby-
based particles reached about 6%. This is consistent with the 9000C
results of the temperature study above.
3.2.2 Surface Areas of Sulfated Pre-decomposed Calcite
Figure 3.30 presents the measured surface areas of the samples from
the temperature study. At the lower temperatures surface area is approx-
imately constant at 15 [m 2/g], about 50% of its initial value. It begins
to decrease above 10500C, and by 12000C the value has decreased to 6
[m 2/g], less than 20% of its initial value.
The time-resolved measurements (constant temperature) show the
Iceland Spar-based 9000C samples to hold a constant surface area with
time at about 25 [m 2/g], a little below the original value yet higher
than in the study above. The Rigsby-based samples (also 900 0C) hold
their original value of surface area at about 19 [m 2/g].
3.2.3 Pore Studies of Sulfated Pre-decomposed Calcite
Porosimetry analysis was done for the temperature study. The ini-
tial material, decomposed Iceland Spar, has a measured porosity of only
13%, with pore-volume intrusion at 202 ± 23 [Angstroms]. The measured
skeletal density of 1.91 ± .26 [g/cm3j indicates a hidden porosity of
about 36%, and a total porosity of about 49%. This indicates there was
no volume shrinkage of these particles. SEM photographs reveal a grainy
surface structure (0.1 microns in size).
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Though the initial pore-volume intrusion is unimodal, a bimodal in-
trusion is seen for the samples after sulfation. The additional intru-
sion is seen above about 0.1 microns (1000 [A]). SEM photographs show
that external cracks exist with widths of the order of 0.1 to 1 microns
(2mm at 20,000x to 2mm at 2,000x magnification). The porosimetry work
shows that little happens to this upper part of the intrusion curve as
furnace temperature is changed.
The intrusion below 0.1 microns diameter, however, decreases grad-
ually with increasing temperature and increasing sulfation conversion.
Figure 3.31 shows a typical pre-sulfated, and several post-sulfated,
intrusions. Note that there is little intrusion above 0.1 microns in the
unsulfated sample (the dotted line), and that the porosity loss occurs
first in the smallest pores. Measured skeletal densities are still much
less than expected, yet the calculated hidden porosity remains at about
30%.
That there Is gradual porosity loss suggests that these 200 [Ang-
strom] pore mouths are not plugging, but are filling. A calculation
relating the observed sulfation conversion to porosity loss7 also sug-
gests filling, with only the measured porosity participating. The smal-
lest pores fill first, followed by larger ones.
7 Assuming that 13/49ths (27%) of the total porosity is available
to be filled with sulfate, and that a maximum local sulfation of 69% is
possible if there is no swelling, it is calculated that a maximum
sulfation conversion of 19% (.27)*(.69) would correspond to total loss of
measurable porosity. This is approximately what is seen.
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3.3 Sulfation during Decomposition
Two modes of sulfating during the decomposition were studied. The
slow, TGA work provides insight for fluidized-bed technology, and the
high-temperature drop-tube furnace work relates to pulverized-coal com-
bustor technology ("dry scrubbing").
3.3.1 TGA Studies
In these experiments, a bed of particles of Iceland Spar calcite is
heated in a Thermo-Gravimetric Analyzer (TGA) with an atmosphere of 502,
02, C02, and Helium. This is done to ascertain the mechanism, rate, and
degree of sulfation near the decomposition point of the original salt. A
similar TGA study 8 previously demonstrated very high conversions to
sulfate, and provided the motive for further investigation.
A single isothermal run was also performed to test the conclusions
from the linear heating rate runs.
The main variables in the study are particle diameter and the par-
tial pressure of CO2 within the furnace. Particle size varies from
2-3 microns up to 90-106 microns in diameter. C02 partial pressure
varies between 2% and 95%. S02 concentration is always 3000 ppm (0.3%),
and 02 concentration is always 5%. For most of the runs, the heating
rate is 55 [0C/minute] up to 7000C, and 20 (0C/minute] up to 1100 0C, for
a total of about 30 minutes of sulfation in the TGA.
The results show that decreasing particle size and increasing the
amount of C02 present increases the sulfation conversion. The most
important result, however, is that the 100% sulfation level can be
achieved. The results are summarized in Table 3.1. The sulfation con-
8 Snow, M.J., 1982.
128
version presented here is that which occurs at the point the TGA furnace
has reached 1100 0C.
Table 3.1: TGA Sulfation Results (to 11000C)
Dn(microns) 95% CO2 50% C02 10% C02 2% C02
2<Dp<3 100.9% 100.3% 100.3%
5<Dp<7 82.5% 76.5% 63.4% 62.5%
10<Dp<12 62.2% 51.8% 39.0% 35.6%
19<Dp<21 50.6%
45<Dp<53 25.6%
90<Dp<106 15.3% 16.8%
From this table, it can be seen that the smallest particles reach
100% sulfation under these conditions regardless of the amount of CO2
present. For larger particles, which did not reach full sulfation, the
added C02 has a significant effect, nearly doubling the conversion. At
the largest particle size tested, the limited results suggest indepen-
dence of CO2 partial pressure.
Figures 3.32 and 3.33 show the TGA weight variation with temperature
for two sets of experiments. Two continuous weight measurements are
performed for each experiment. In one, solely the decomposition is
allowed to occur; this is to determine the rate and temperature of for-
mation of CaO. In the other, SO2 and 02 are present and CaSO4 is
formed. In the particular experiments presented in this figure, 5 mg of
either 2-3 or 10-12 micron diameter Iceland Spar was sulfated with 2% C02
present. (The balance of the gas included the 02, the S02, and Helium.)
The sulfated weight curves can be analyzed two ways. Either it is
assumed that CaO is intermediate or that CaCO3 directly reacts with
the SO2 and 02 and no CaO is formed. Which assumption one makes deter-
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mines how the weights are interpreted. Detailed calculations for each
assumption are presented in Appendix B.
If CaO is assumed to be an intermediate, its rate of formation must
be known; in this case it is assumed to be the same as for decomposition
in the absence of SO2. Any weight gain with 502 present is attributed to
be CaSO4 converted from the CaO present, and a molar sulfation conver-
sion is calculated. This calculation is certainly valid for temperatures
above the decomposition temperature, but is found invalid for the pre-
vious sulfation.
From Figures 3.32 and 3.33, significant weight gain is seen before
any decomposition has occurred. This leads to the second case. Under
these assumptions, CaCO3 directly exchanges C02 for SO3. Weight differ-
ences are attributed as 36.05 grams-per-mole(sulfate formed): (80.06-
44.01 [g/mol]), and a molar conversion of total S/Ca is calculated.
Actually, both calculations are necessary since the second is a
proper measure of what happens before the decomposition, and the first
properly measures the post-decomposition sulfation. Neither alone ac-
curately reflects the sulfation conversion during the CO2 weight loss.
Figures 3.34 through 3.37 contain conversion results, using both
of these calculations, from the weight curves in Figures 3.32 and 3.33,
against both temperature and time. The first two show conversion vs.
temperature: the sulfation increases continuously through the entire
temperature range, though there is a bend in the curve at about 7000 C.
The second set of figures are replots of the data using time as the
abscissa: the bend mostly disappears, and was probably a remnant of the
slowing of the heating rate at that point.
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The plus-sign symbols relate the sulfation conversion assuming
that there is a direct exchange, and is valid before the CaCO3 decom-
poses. The triangle symbols relate the sulfation assuming the inter-
mediate CaO is the species which sulfates, and seems valid only after the
decomposition. Though during the decomposition neither calculates the
sulfation well, the two curves match in conversion at the decomposition.
That is, there is a continuous increase in sulfation, with no discon-
tinuity at the point of normal decomposition.
Other results show that the temperature of decomposition is indepen-
dent of particle size (Figure 3.38), yet quite dependent on the amount of
C02 present (Figure 3.39). The latter result causes a difference in pre-
decomposition reaction time for different C02 concentrations. The sul-
fation results were found to be sensitive to the amount of sample placed
on the TGA pan, so sample size was held constant at 5 [mg]. 5 [mg] was
the largest with which 100% sulfation was attained using the 2-3 [m]
diameter particles (1, 5, 20, and 50 [mg] were tested). Since the smal-
lest particle size should offer the most mass-transfer resistance, sample
size should not be a factor for larger particles.
One isothermal direct-exchange sulfation was done. The goal of this
experiment was to determine both the rate-limiting mechanism and either
an effective product layer diffusivity or kinetic constant from the shape
of the conversion-time curve.
5 [mg] of 10-12 [ym] Iceland Spar was heated in 95% C02 and 5% 02 to
8000C, and held there. The gases were switched to 3000 ppm 502, 5% 02,
and 95% C02. Weight gain commenced immediately, and was recorded for
almost 3 hours. The sulfation conversion is calculated using the direct-
exchange sulfation equations, and is presented in Figure 3.40. Conver-
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sion increases consistently, with a steadily decreasing rate. In 3
hours, a conversion of almost 80% was achieved, and was still increas-
ing. When the kinetic control and product-layer diffusion models are fit
to the data at early times, as in Figure 3.40, the data is seen to fall
between them; the rate drops off from the reaction control curve, but not
nearly as fast as the product-layer diffusion control model predicts.
3.3.2 High Temperature Drop-tube Furnace Studies
3.3.2.1 Chemical Sulfation Conversion
Only the sulfation results are presented here. (The concurrent
decomposition conversions were presented in Section 3.1.2.) In this
set of experiments raw limestone particles were dropped through the
furnace under specified conditions with 3000 ppm S02 and 5% 02 present.
In these simultaneous decomposition/sulfations, two factors account
for the fraction of the stone which is utilized: how much of the carbo-
nate has decomposed and how much of the resulting oxide has been sul-
fated. X2 designates the overall atomic sulfur-to-calcium ratio; it
is the practical, achievable value. X3 is the more fundamental quantity,
the sulfation of the available oxide, and is found to be independent of
the extent of decomposition.
Figure 3.41 demonstrates the difference between the two. The right
abscissa shows the decomposition, Xi, increasing with time. The left
abscissa shows how the two measures of the sulfation conversion (X2 and
X3) are interdependent. Although the total sulfur capture (X2) increases
with time, the sulfated fraction of the oxide produced (Xa) remains rela-
tively constant. Thus, as more oxide becomes available, it sulfates to
the same extent.
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Several sulfation conversion-time profiles are presented in Figure
3.42 for 45-53 Um Iceland Spar. Each profile is at a different average
temperature. Note that X2 consistently and monotonically rises with
time. 9  These values rise from zero to about 107. over 2 seconds. The
corresponding X3 values, presented in Figure 3.43, show a little more
variability, but are approximately constant at 8 to 13%.
Since the CaO-normalized sulfation conversion, X3, remains rela-
tively constant with time, it is used from here on to compare the various
conditions.
The lowest temperatures are found to allow the highest sulfation of
available oxide. See Figure 3.44. X3 decreases monotonically from 9-18%
at 9000C to about 1-6% at 1200 0C. This figure contains the data from all
of the samples sulfated in both Helium and Argon. The Argon data is
highlighted here with filled-in symbols. There is no notable difference
between the sulfations in these two main gases, even though the decompo-
sitions are affected.
The next two figures demonstrate essentially no difference in sul-
fation behavior between the three different limestones. In Figure 3.45,
the Cianbro limestone data are highlighted; and in Figure 3.46, the
Rigsby limestone data are highlighted. The rest of the points are Ice-
land Spar data.
Several other parametric studies were done. Particle size was
varied from 45-53 microns down to 2-3 microns in diameter. S02 concen-
tration was varied from 750 ppm (.075% v/v) up to 12,000 ppm (1.2% v/v).
And C02 concentration was varied from 0 to 50% (v/v).
9 Several of the highest temperature conversions are depressed,
presumably because of the thermodynamic constraints on the sulfation
reaction.
0.5 1.0 1.5
Reaction Time (seconds)
FIGURE 3.42: High Temperature Sulfation of Limestone:
Unnormalized Sulfation Conversion,
CU
x
C-
a>0c
C-
0
Co
--0p
cl)
0.25
0.20
0.15
0.10
0.05
0.00
2.0
I I I I I I I
45-53 Amr
~~ 3000 ppm
950'
10500C
ICELAND SPAR
SO2 + 5% 02 in Helium
v isoo'c
1150'C
4 12001C
0. 15 -
-o
0
U
4-
..
C
0
0
(13
C-
4-
0.10 -
1200'C
I I I I I I
0.5 1.0 1.5
Residence Time (seconds)
FIGURE 3.43: High Temperature Sulfation of
Fraction of CaO Sulfated, X3
Limestone:
0.25
0.20 -
0
00
900'c
0 1 100'C
0 1~o'c
0.05
0.00
2.0
I I I I
Note: Filled Symbols Represent Argon Data
Open Symbols Represent Helium Data A 6"0 10"
o 14"
4 18"
V 22"
zV
A -
V
I I0 A
1100 1200
Average Furnace Temperature
FIGURE 3.44: High Temperature Sulfation of Limestone:
Effect of Temperature (Argon
0.25
0.20 F-
0.15
0.101-
0.051-
fI
0.00
900 1000
(OC)
Highlighted)
Note: Filled Symbols Represent Cianbro
Open Symbols Represent Iceland Spar & Rigsby
;I V &
A V
03
1000 1100
Average Furnace Temperature
FIGURE 3.45: High Temperature Sulfation of Limestone:
Cianbro Limestone Highlighted
0.25
0.201-
0.151-
L 6"
o3 10"
o 14"
c' 16"
v 22"
0.101-
0.05P
0.00
V
V
A
900 1200
("C)
0.25
900 1000 1100 1200
Average Furnace Temperature
FIGURE 3.46: High Temperature Sulfation of Limestone:
Rigsby Limestone Highlighted
I I I I I I I
Note: Filled Symbols Represent Rigsby A
Open Symbols Represent Iceland Spar & Cianbro A 10"
o 14" _
v 22"
- V
0V
V $
AA
03 &
1 Y
0.20
0.15
0.10
0.05
0.00
("C)
144
The presence of 50% CO2 causes the normalized sulfation conversion
to increase to the upper extremes of all of the sulfated samples, as well
as severely depressing the decomposition. This series of runs was per-
formed with 50% CO2 (v/v) in Helium by varying the average furnace tem-
perature at a drop distance of 22".
Figures 3.47 and 3.48 present the sulfation results as a comparison
with experiments without C02. The practical sulfation conversion, X2, is
significantly below that of the comparable runs without CO2 at the lower
temperatures. This is attributable solely to the lower extent of decom-
position with 50% C02 present (Section 3.1.2.1). Even with this, there
is a significant increase in the sulfation of the available oxide (X3).
Thus, the addition of large amounts of C02 retards the decomposi-
tion, but enhances the sulfation of the CaO formed. The net effect is
a decrease in the practical sulfur capture at the lower temperatures.
Figure 3.49 presents the results of the S02 concentration variation
studies. In one case, 45-53 micron Iceland Spar was dropped through 22
inches at 1150 0C, and SO2 concentration was changed between 750, 3000,
and 12,000 ppm. In the second experiment, 45-53 micron Cianbro limestone
was dropped through 22 inches at 10700C, and SO2 concentration was
changed from 3000 to 6000 ppm.
X3 increases with P(SO2), and is found to be proportional to P(S0 2)
to powers of 0.54 and 0.59, approximately +1/2. Others 10,11 have also
found the same dependency.
Calcite particle size was varied under different conditions, and the
sulfation results are presented in Figure 3.50. Five particle diameters
10 Coutant, R.W., et al., 1971.
11 Borgwardt, R.H., et al., 1984(d).
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of Iceland Spar varying from 2-3 microns to 45-53 microns were studied.
Temperature was either 950 0C or 1000 0C, and drop-distance was either 10
or 22 inches. Decomposition conversion, X1, was essentially unity for
all diameters.
Sulfation conversion, X3 , increases consistently with decreasing
particle diameter, from 7-11% at the largest diameter to 35% at the
smallest (2-3 micron). The best-fit, least-squares logarithmic correla-
tion gives the following relationship:
X3 = a * Dn,
with D in microns. The logarithmic plot is linear, and the exponent is
found to range from -0.28 to -0.39, about -1/3. If the correlation is
extrapolated to smaller particles, full sulfation could be reached under
these conditions using 0.15 micron diameter particles (see the dashed
line).
3.3.2.2 Surface Areas
The surface areas of the products formed on decomposition and sul-
fation are less than those formed without the sulfation. Figure 3.51
demonstrates the progression of product surface area with residence
time at two temperatures. Even with sulfation, the surface areas remain
constant, and no apparent sintering occurs. Figure 3.52 shows the trend
of product surface area with temperature. The dashed line represents the
surface area results of the unsulfated particles (from Figure 3.13). The
sulfated surface area is seen to be smaller than the unsulfated surface
areas, yet decreases in the same manner with increasing temperature. At
the lower temperatures (900 and 9500C) several anomalously small surface
areas are measured.
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A comparison is made of the sulfated and unsulfated Iceland Spar
surface areas in Figure 3.53. In this figure, the ratio of sulfated-to-
unsulfated normalized surface area is shown against temperature. Each
pair of samples underwent essentially the same temperature-time treat-
ment, within the experimental error of the furnace. At all temperatures,
the sulfated surface area is about 30 to 60% of its unsulfated value,
though a few of the sulfated samples show very low areas. One explana-
tion of these is that at low temperatures, higher sulfation conversions
prevail, and whatever surface area is formed may be utilized or blocked
immediately. Another is that similar behavior was often noted under low
temperature conditions for unsulfated areas, and is attributed to a
nucleation phenomenon (Appendix M).
The surface area results from the samples sulfated in 50% C02 are
presented in Figure 3.54. No significant difference in surface area is
seen upon the addition of C02.
3.3.2.3 Pore Studies
Two series of (simultaneously) sulfated particles were analyzed with
mercury porosimetry. These results are presented in Figures 3.55 and
3.56. Essentially little difference is seen between the sulfated and the
unsulfated samples in the porous structure of the particles.
Figure 3.55 shows the pore diameter at which intrusion occurred in
these simultaneously sulfated samples. Compare this figure to Figure
3.19. The same range of pore diameters is seen as in the unsulfated
case: 150-300 [A]. This says that any product layer must be very small
relative to the total diameter.
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The measured, hidden, and total porosities are presented in Figure
3.56 for these samples. As for the unsulfated particles, very little
porosity is measured, less than 10% in all cases. This is to be compared
with the expected porosity which ranges from 0 to 53% as a function of
the decomposition conversion, assuming no sulfation. The presence of the
sulfate would decrease the expected porosity some, but not enough to be
important for these samples.
As before, the apparent skeletal density is also much less than
expected, therefore hidden, inaccessible porosity is hypothesized. The
sum of this hidden and the measured porosities shows that, again, all of
the particle volume can be accounted for, and no shrinkage occurred.
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4. Discussion and Modeling of Results
Two sets of experiments will be discussed here. The first encom-
passes the (successful) TGA sulfation study results. Their interpreta-
tion and modeling, and their implications will be presented. The second
set of results discussed is from the high-temperature drop-tube furnace
decompositions and sulfations.
4.1 Simultaneous Decomposition and Sulfation in the TGA
Two methods of TGA sulfation were employed. In most cases, a bed of
particles was heated in the TGA in an atmosphere of So2, 02, C02, and
helium. Particle size and C02 concentration were varied, and the bed
weights were recorded and analyzed. The other, single case involved
heating a bed of particles in the TGA in C02 (to prevent decomposition)
to a given temperature, and then adding S02 and 02 while the bed remained
isothermal.
The nonisothermal experiments provide conversion information in
three different reaction regimes: 1) where no calcium oxide has formed,
2) during the decomposition of carbonate to oxide, and 3) where car-
bonate is no longer present. The slow heating provides temperature
activation information, allowing a range of other variables to be
tested. Selected weight data are presented in Figures 3.32 and 3.33.
These data show both the decomposition (during which only C02 and helium
are present) and the simultaneous sulfation (with S02 and 02 added). The
sample unexpectedly gained a significant amount of weight when sulfating
below the temperature of the decomposition. This is ascribed to the
direct formation of calcium sulfate via the following mechanism:
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CaCO3 (s) + S02 (g) + 1/2 02 (g) -- + CaSO4 (s) + CO2 (g). (4-A)
With this mechanism, calcium oxide does not act as an intermediate. Once
the normal decomposition point of the carbonate is reached, what is
left of the carbonate decomposes, and the resulting calcium oxide con-
tinues to sulfate.
Van Houte et al. 1 explored the direct sulfation reaction at low
temperatures, at which the sulfite can be a stable product. They found
that (below 6500C) reagent-grade CaCO3 (4-15 um) must be impregnated with
CaCl2 to proceed to complete sulfation, and that oxidation of the sulfite
in this case was limiting. Their unimpregnated CaCO3 sulfated at slower
rates, initially first-order in [S02+02] concentration. They did not
report findings above 6500 C, but their data shows considerable accelera-
tion of rate with temperature. Other work 2 at higher temperatures (600-
9000C) shows higher sulfations (>60% in 60 minutes at 9000C), though,
again, not as high as with their impregnated samples. No particle size
variation was reported.
Glasson and O'Neill 3 report conversions of Ca(OH)2 and CaCO3 to
CaSO4 by heating the adsorbent particles in a TGA in atmospheres con-
taining various amounts of S02 and 02. They conclude that-the simulta-
neous formation of "quicklime" causes the "greater reactivity" observed.
Their hydroxide samples converted 100% to sulfate, though most of the
reaction occurs after the decomposition. The same inflection point in
the conversion-time curve is seen as in Snow's work (see Figure 4.13).
Their carbonate reacted during the decomposition, but to less than 50%.
I Van Houte, G., et al., 1981.
2 Van Houte, G., et al., 1978.
3 Glasson, D.R., and P. O'Neill, 1980(b).
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No mechanistic conclusions are drawn. Heating rates, particle diameters,
and limestone sources arenot reported.
Figure 4.2 presents the conversion analysis of the weight results
from Figure 4.1. The plus-signs indicate the conversion calculated
assuming the weight change is due to the "direct" sulfation of the
carbonate. The triangles indicate the conversion calculated assuming
that the carbonate first decomposes to the oxide with a conversion equal
to that in the absence of SO2, and is then sulfated as it is formed. The
direct sulfation conversion increases up to the point at which the
carbonate would normally decompose. It then drops off scale. The
calculated sequential sulfation of the oxide then begins at about the
same level of conversion, but at a different rate. Neither calculation
properly represents the conversion in the temperature interval in which
the carbonate decomposition normally occurs, as the weight is in such
flux, and the actual chemical composition of the particles is not known.
The detailed calculations are presented in Appendix B.
These particular results are for only one combination of particle
diameter and C02 concentration, namely the 10-12 um cut of Iceland Spar
calcite in 2% C02. Variation of particle size and C02 partial pressure
shows that sulfation conversion is a strong function of particle size and
a weak function of C02 concentration. (See Table 3.1.)
Fee, et al., 4 carried out one such sulfation in their study of a
hydration process to enhance calcium utilization. For comparison pur-
poses, they sulfate a raw limestone (<10 ym dia) to 92%. No specific
mention of this high conversion is made, or of its cause.
4 Fee, D.C., et al., 1982.
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When particle size is varied the differences seen in rate and con-
version are due entirely to the relationship between the initial radius
and the independent rate of growth of the shell. A given shell thick-
ness represents more conversion in a smaller particle. A spherical
product-layer shell thickness, 6, is related to a given sulfation conver-
sion by:
6/Ri = (1 - X2(a-1)) 1 3 - (1 - X2)1/3  (4-B)
where Ri is the initial particle radius, and a is the ratio of the pro-
duct-to-reagent molar volumes. 5 This becomes:
6/R1 = (1 - .245X2 )1/3 - (1 - X2 )1/3  (4-C)
for the formation of calcium sulfate from calcium carbonate.
Figure 4.3 presents the TGA conversion results that demonstrate the
effect of particle size. Note that the curves are similarly shaped, with
the smallest particles showing significantly more reaction.
The apparent CO2 effect is caused by the increase in the decomposi-
tion temperature of the CaCOs core with increasing CO2. At low CO2
concentrations the core decomposes at a lower temperature, and results in
a reduction in the time available for the direct reaction to occur. Once
the oxide has formed, it sulfates at a lower rate, and the rate slows
further with increasing conversion. When a single particle-size cut is
sulfated in different concentrations of C02, as in Figure 4.4, the
same conversion-time path is taken by each particle before the decomposi-
tion. The difference between the sulfation curves is the point at which
the carbonate begins to decompose (the discontinuity in the curves). The
rate of sulfation of the oxide subsequent to the carbonate decomposition
5 a n 1.245 = 45.99/36.93 [cm3CaSO4/molJ/[cm 3CaCO3/molJ.
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is lower than prior to the decomposition. The resulting final conver-
sions are therefore different.
Thus, it becomes important to inhibit the decomposition of the
carbonate while sulfating it. Because of this, the direct sulfation
phenomenon is most interesting in the presence of high C02 pressures, in
applications such as pressurized, fluidized-bed combustion.
As shown by the SEM photographs in Figure 4.5, when the carbonate is
sulfated directly, the product layer is porous because of the counter-
diffusion of the C02 and this results in a relatively high diffusivity
through the product shell. By contrast, when calcium oxide is sulfated,
an impervious product layer is formed that provides a diffusional
barrier to further sulfation. The layer appears solid, and diffusion
occurs via a relatively slow, solid-state ionic diffusion mechanism.
One isothermal direct carbonate sulfation was carried out at 8000C
using the 10-12 um Iceland Spar. The conversion-time data were presented
in Figure 3.40. The C02 level (95%) was such that no carbonate decompo-
sition was allowed. The direct conversion to sulfate increased consis-
tently over almost 3 hours to about 80%. The data cannot be fitted over
the complete time interval by either a reaction control shrinking-core
model, 6 or that for product-layer diffusion control. (See Figure 4.6.)
However, the reaction control function is piecewise linear in two sec-
tions., indicating either an initial rate acceleration or a partial
diffusion limitation. Assuming product-layer diffusion control one would
find a much more rapid slowing of the rate with conversion than is seen
in the data. The analysis in Figure 4.6 shows an upward curvature to the
6 A shrinking-core/shell reaction is expected since the original
Iceland Spar is non-porous.
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FIGURE 4.5(a): SEM Photomicrograph of Iceland Spar Limestone,
Sulfated for 80 minutes at 970"C after Decomposition
(1.5 cm = I um)
FIGURE 4.5(b): SEM Photomicrograph of Iceland Spar Limestone,
Sulfated Directly by Heating in 3000 ppm S02 + 5% 02(1.5 cm = I ym)
0.4 -
CUX
I - 10-12 im Iceland Spar
3000 ppm S02 + 5% 02 + 95% C02
CU 800"C
0.3 - aCU, CU 0.3 A AA
X Reaction Control A A
(if Linear)
0.2-
C _ A Product Layer Diffusion
0 Control
CT) (if Linear)0
Cx,S 0.1-a
u AA
0.0 A
0 30 60 90 120 150 180
Time (minutes)
FIGURE 4.6: Shrinking-Core Model Applied to Isothermal
8000C Sulfation of Calcite
168
function indicating a lessening in diffusional resistance with time.
This would not be expected from a sintering system. When the two models
are fit to the data at early times, as in Figure 4.7, the data is seen to
fall between them; the rate drops off from the reaction control curve,
but not nearly as fast as the product-layer diffusion control model
predicts.
One explanation for the initial rate acceleration would be that
small surface elements (either small surface particles, or corners and
ledges) initially react very fast. A model assuming a bimodal distribu-
tion of particle size was developed to model a small surface structure.
The best fitting curve assumes a 15 weight percent fraction of 1 micron
diameter particles included with the 11 pm particles. The results of
this model are shown in Figure 4.8. A fairly good fit is seen.
The second model explored involves a partial diffusion limitation
superimposed on the reaction rate control. These act as resistances in
series. Figures 4.9 and 4.10 show two mixed reaction and product-layer
diffusion control curves. In the first figure, the best-fit mixed curve
was obtained by varying both of the time constants (equivalent to varying
both the rate constant and the diffusivity). In the second figure, the
rate constant obtained from the nonisothermal TGA data was used, and only
the diffusivity was varied. In neither case could an ideal fit be
achieved. Inclusion of any diffusion limitation caused the rate to drop
too quickly. The diffusivity calculated for the 393 [minute] PLD time
constant in this system is approximately 10-9 [m2/sec]. If this very
low diffusivity is assumed to represent Knudsen diffusion, then a pore
radius of 0.02 [Angstroms] must be assumed; this is much smaller than
reasonabl e.
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These two models do not represent the data perfectly, but are none-
theless possible causes for the deviations.
The nonisothermal data can be modeled by considering each of the
particles to react as a shrinking-core with reaction control at the
shell interface. The measured conversion-time relationships for the
different conditions reflect the combination of an activated rate con-
stant increasing with temperature and the slowing of the reaction with
conversion due to the shrinking of the core. As discussed later, the
analyses of the rates for all of the different particle sizes provide a
single value of activation energy. For reaction control the rate is
inversely proportional to particle diameter. Whereas, for product-layer
control, the rate would be inversely proportional to the square of par-
ticle diameter. The particle-size data correlate with a first-order
dependence, and therefore with reaction control. This correlation and
the linearity of the isothermal conversion model curve help validate this
interpretation as reaction control.
The behavior of the different samples are modeled here mathematic-
ally using the interpretation given above. The differential rate for a
first-order reaction-controlled spherical interface can be described by:
dX/dt = 3/i*(1-t/) 2  (4-D)
where "X" is the molar conversion, and "-" is defined by:
- = p*R/(k*C). (4-E)
"p" is the molar skeletal density of the original solid, "R" is the
particle radius, "k" is the reaction rate constant, and "C" is the molar
concentration of gaseous reactant. The true order of the reaction with
respect to SO2 concentration is unknown, since "C" was not varied. (Be-
cause oxygen concentration (5%) was in excess of the SO2 concentration
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(0.3%), its effect would be constant.) The above expression (4-E) could
be rederived for fractional-order kinetics once the order is determined.
"k" is assumed to follow Arrhenius-type behavior:
k E ko*exp(-Ea/Rg*T}. (4-F)
For isothermal reaction "k", and therefore "i", are constant, and
the conversion relationship (4-D) integrates to the familiar:
X = 1-(1-t/1)3. (4-G)
For reaction under transient thermal conditions, equation (4-D) could
also be integrated:
X E fdx = 3*f(1/i)*(1-t/i)2dt, (4-H)
with i no longer constant: i=t(T) and T=T(t).
The integration is carried out more simply than this by integrating
for the depth of penetration, given that "k" [cm/sec] defines an inter-
face velocity. See Appendix C for the details of the derivation. The
conversion is calculated afterward from this integral shell thickness.
With a linear heating rate:
T = To + A*t, (4-1)
the integral can be solved using the Exponential Integral function (Ei):
6 = R - r = -[ko*C/(p*X)]*[To*E2(E/RgTo) - T*E2{E/RgT}J. (4-J)
This result can be approximated as:
X(T) = 1 - [1 -(koC/pR)*(T/A)*exp{-Ea/RgT)/(Ea/RgT+2)]3. (4-K)
The approximation assumptions are also included in Appendix C. By using
accurate approximations for the Exponential Integrals involved, a more
accurate representation can be achieved numerically. However, the sim-
pler equation given in (4-J) works well at describing the key charac-
teristics of the nonisothermal data. With such a numerical model, other
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parameters such as particle-size distributions and non-linear heating
rates could be evaluated.
To determine the rate constant parameters, the nonisothermal sul-
fat ion convers ion data were numer i cal ly different i ated. "k" was deter-
mined as a function of the instantaneous temperature using equations
(4-D), (4-E), and (4-F). It is assumed that "p" has the value 2.71x10-2
[mol/cm 3], "R" is the nominal particle radius (cm], and "C" is the S02
concentration (3.41x10-8 [mol/cm 3]). The following is found to hold for
the wide range of particle diameters tested:
k = 71.8 expf-15300/1.987*T} (cm/sec]. (4-L)
An Arrhenius plot of the rate constant values is presented in Figure
4.11 for the 6 particle diameters tested in 95% C02. The two largest
particle diameter samples had a slightly higher rate constant (ko) than
the others, though the activation energy was the same. By assuming that
the effective diameter was smaller than the nominal diameter, caused by
cracking, these data were brought in line with the others. The diameters
used are in parentheses.
The mean activation energy of 15.3 (kcal/mol] has a standard devia-
tion of approximately 1.0 for the 6 different particle sizes in 95% C02.
Since this activation energy is much smaller than that found for calcite
decomposition (49 [kcal/mol]), the rate of decomposition would surpass
that of the direct sulfation once the carbonate was above its decomposi-
tion temperature. Thus, it is impractical to try to directly sulfate
decomposing CaC03.
The nonisothermal model (4-K), with "k" from the above expression
(4-L), is compared to two sets of data in Figure 4.12. The agreement is
good, especially noting that the particles were not heated at a constant
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rate throughout. The model assumes the final heating rate, A, of
20 [OC/minute) for the duration of the heating.
Snow7 found that the rate and conversion of Ca(OH)2 sulfation was
Independent of heating rate up to a certain point (20-50 [OC/minute]),
after which the rate of sulfation decreased. This implies that, for
maximum utilization, the heating rate must be slower than a critical
rate. Only one temperature-time profile was used for this TGA work: the
heating rate was 55 [OC/minute] below 7000C and was then slowed to 20
[OC/minute].
The results of this study show some dependence on heating rate,
since there is a slight discontinuity in the sulfation rate as the heat-
ing rate is slowed from 55 to 20 at 7000C. Either this is (coinciden-
tally) the point at which calcium sulfite becomes unstable and sulfate
forms, 8 or it points out that a shift in mechanism occurs at the point of
change of heating rate. Only the data above 700 0C is used to determine
the rate constant in equation (4-L).
In Snow's M.Sc. TGA study, there seemed to be a strong effect of
the decomposition on the simultaneous sulfation. Indeed, Snow found that
the bulk of the sulfation appeared to occur at or near the decomposition
point of the substance being decomposed, whether it was Ca(OH)2, CaCO3,
or CaC204*H20 (calcium oxalate monohydrate).
Re-evaluation of Snow's M.Sc. TGA data for Ca(OH)2 and CaC204*H20
sulfation in light of the new interpretation yields interesting results.
Very little direct sulfation of the hydroxide occurred before it decom-
posed, since it does so at such a low temperature. Figure 4.13 shows
7 Snow, M.J., 1982, p. 115.
8 Glasson, D.R., and P. O'Neill, 1980(a).
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conversion of calcium to calcium sulfate relative to the hydroxide decom-
position temperature. The CaO formed at this low temperature was very
reactive. It sulfated to almost 70%, just above the theoretical pore-
filling limit of 56%.
The oxalate monohydrate followed the direct carbonate sulfation
mechanism, with a twist. Calcium oxalate is the calcium salt of oxalic
acid. In the TGA it decomposes9 as follows:
CaC204*H20 (s) -- + CaC20 (s) + H20 (g), at 1250C,
CaC20 (s) -- + CaCO3 (s) + CO (g), at 475 0C,
CaCO3 (s) -- + CaO (s) + CO2 (g), at 6500 C.
On the loss of the water of hydration, no sulfation of the oxalate oc-
curs. However, when the oxalate decomposes to porous carbonate and CO,
this carbonate sulfates very quickly, essentially to full conversion as
it is formed. The molar volume of calcium oxalate is 57.2 (cm3/mol],
larger than that of calcium sulfate, 46.0 [cm 3/mol], so particle expan-
sion is not a problem, and the resulting sulfate could even be porous.
Figure 4.14 compares the weight loss curve of the decompositions in
inert helium to the weight loss/gain curve of the decomposition/sulfation
when SO2 and 02 are present. The deviation first occurs at the point of
carbonate formation. Figure 4.15 presents the relative conversion of
carbonate to oxide and carbonate to sulfate, under inert and sulfating
conditions, respectively. The curves show that the carbonate sulfates
almost as quickly as it is formed.
9 Tanaka, H., et al., 1981.
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4.2 Decomposition and Sulfation in the Drop-Tube Furnace
At the high temperatures, simultaneous decomposition and sulfation
display much different behavior than at the low temperatures. The decom-
position results and the physical characterization of the samples will be
discussed here in light of their effect on the subsequent high-temper-
ature sulfation. Two models of the high-temperature sulfation process
will be discussed.
The basic goal of this study is understanding the factors which
affect the sulfation. To this end, studying the decomposition process is
important for several reasons. The rate of decomposition determines how
fast the oxide becomes available for sulfation. If the decomposition is
much faster than the sulfation, the carbonate cannot be sulfated di-
rectly.
The physical structure of the oxide formed determines the specific
reactivity of the oxide toward sulfation. The physical structure is, in
turn, highly dependent on the conditions which prevail during the decom-
position. Therefore, the most important part of the decomposition study
is relating the conditions present as the oxide is formed to the struc-
ture of that oxide. Since the actual rate of decomposition is fast for
these small particles, it is less consequential. Finally, for practical
purposes, the extent of decomposition must be known to normalize the
other measured variables for more effective comparison.
The high temperature decomposition results are presented in Section
3.1. The rate of formation of, and the physical structure of, the pro-
duct CaO are presented. The results encompass both the decomposition
of limestone in inert gases and with oxygen and sulfur dioxide present,
and are limited to a residence time of less than 2 seconds.
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In the high-temperatures (900 to 12000C) prevalent in the drop-tube
furnace, the decomposition is found to be much faster than the sulfa-
tion. The rates of decomposition are shown to be fast enough to allow 50
micron diameter particles to decompose within the times of interest. The
rates are also fast relative to the sulfation which prevents the car-
bonate from sulfating directly, as in the TGA portion of the study.
(Approximately 10% of the oxide formed sulfates.) When 50% C02 is added,
the decomposition is severely retarded at the low temperatures. Even
with such slow decomposition, however, direct sulfation is too slow on
this time scale. Note the small sulfation conversion at 900 and 9500C in
Figure 3.47.
The rate of decomposition also seems to be independent of the pre-
sence of S02 and of the formation of sulfate. Figure 4.16 presents the
ratio of the sulfated to the unsulfated decomposition conversions. The
majority of the values are near unity, signifying this independence.
This implies that the physical aspects of the decomposition are not
affected by the presence of the sulfate. It also shows that the sulfa-
tion process cannot be used to slow the rate of decomposition intention-
ally.
The decomposition of the 50 pm particles of calcite is not fully
complete at 9000C within the available 2 seconds, but by 10000C full
decomposition is seen. These data indicate a kinetic limitation with a
high activation energy as found also by Borgwardt.1 0  See Figures 3.1,
3.2, and 3.3. Above 1000 0C, the decomposition has a low apparent activa-
tion energy. See Figures 3.4 and 3.7. In addition, the shape of the
rate curve suggests a diffusion limitation. See Figures 3.5 and 3.6. By
10 Borgwardt, R.H., 1985.
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modeling these processes, the rate appears limited by mass transfer of
C02 across the porous CaO, and by heat transfer from the external gas
(supplying the endothermic reaction). The model for this transfer-con-
trolled decomposition is presented in Appendix K. It indicates that the
particles are somewhat self-cooled and build up an internal pressure of
C02.
At the very high temperatures (1200 0C) some of the samples reacted
to a much higher extent very rapidly. See Figure 3.7. Cracks in the
surface of the particles are seen using Scanning Electron Microscopy
(SEM), and may well be related: the C02 pressure builds to above a
critical limit, cracks form in the surface, the pressure is released, and
the resulting structure allows very fast decomposition. This phenomenon
is very well anomalous behavior only seen with Iceland Spar, since there
is no macro-porosity present initially. Natural limestones may behave
much differently.
It is thus concluded that there are three distinct decomposition
rate regimes here. These are discussed more fully in Appendix K. At the
low temperatures, the rate is kinetically controlled (as Borgwardt
found). As the rate increases, it becomes limited by external heat
transfer and diffusion of C02 through the porous shell of oxide and sul-
fate. Large internal pressures of C02 develop. At some point, the
pressure can build up too high and cause cracks in the particle; if this
happens, the kinetic limit can again be approached.
The effect these regimes have on the sulfation is as follows. Even
in the low temperature regime, the particles decompose fast enough so
that the oxide is that which sulfates. The relatively low temperatures
and C02 pressures allow (or cause) a relatively high surface area to
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form. This will be discussed later. As the. temperature is Increased,
the internal C02 pressure increases. Lower surface areas are formed.
If the decomposition rate could be retarded to allow S02 to react di-
rectly with the CaCO3, more sulfate could be formed. Figure 3.48 shows
that higher oxide-specific sulfations result when 50% CO2 is added to the
Helium environment, which retards the decomposition (Figure 3.27). Actu-
ally, the net sulfation is decreased. Figure 3.47 shows that when the
decomposition is prevented, at 900 and 950 0C, very little sulfation
occurs.
Study of the pore structure provides some interesting observations.
The measured pore-size distribution is found to be monodisperse in all
cases. The mercury intrudes into pores between about 50 [A] and 300 [A]
in diameter, regardless of whether the sample is sulfated or not. See
Figures 3.19 and 3.55. The diffusion of all gaseous species in these
pores would be via Knudsen diffusion. The implication of this is that
the outflowing C02 would not impede the inflowing S02.
Essentially no porosity is lost during the in-situ decomposition and
sulfation. (Porosity loss would causes a lower potential for sulfa-
tion.) Not all of the pores were found to be available to the mercury,
however. See Figures 3.22 and 3.56. This could have an extreme influ-
ence on the sulfation process, depending on the cause. Two situations
are proposed. Either the pores are smaller than that which the mercury
can intrude at 60,000 [psia], i.e., 30 [Angstroms]; or, the pores are
large but are separated from the surface pores (and the mercury) by
impassible solids. If the former is true, these pores would be available
both to the N2 for adsorption and to the SO2 and 02 for reaction. If the
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latter is true, then the CaO associated with those pores would be
inaccessible for reaction.
In this study, the surface area measured by N2 adsorption and B.E.T.
analysis is assumed accessible for reaction. Two cases must be explored
for the sulfation under this assumption. Either the available surface is
relatively smooth (as described by monodisperse grains or pores), or
there are small pores (< 30 [A]) lining these larger pores. Analyzing,
understanding, and modeling the first situation is relatively easy. The
second becomes complicated and must be analyzed using a "pore tree" model
such as that developed by Simons.11 His model assumes the larger pores
feed the reactants to the smaller ones, which react. However, these
smaller pores can plug at their mouths and leave some of the original
surface area inaccessible.
The magnitude of the surface area formed, S, is important for the
sulfation. For example, if the rate of sulfation is limited by diffusion
through the layer of product formed on a spherical grain, the time to
full sulfation, -c, would be directly proportional to the square of the
grain size, and inversely proportional to the square of the specific
surface area. The dependence would be first-order in surface area for
kinetic control at the grain level. (For a spherical grain, Rg =
3/(S*p).) With such a strong dependence, forming large surface areas is
imperative.
Large surface areas are created during the in-situ decomposition.
Measured surface areas formed 9000C are approximately 82 [m2/g-CaO]. See
Figures 4.17 and 4.18. Two salient points about this CaO-normalized sur-
face area are that it remains constant with time for a given temperature
11 Simons, G.A., 1979.
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of decomposition, and that It decreases strongly with increasing tempera-
ture. Figure 3.11 shows the development of surface area for the decompo-
sition of Iceland Spar In Helium and the normalizatIon process. Figure
4.17 shows that this normalized surface area remains constant with time
at each temperature. Figure 4.18 shows the dependence of surface area on
decomposition temperature.
Figure 4.17 demonstrates that though the total surface area of the
particle increases as the particles decompose, the specific surface area
of the oxide formed is constant, i.e., each bit of oxide formed has the
same specific surface area.
At the temperatures prevalent in this study, calcium oxide is not
expected to sinter. According to Tammann, 12,13,14 sintering becomes
important at a given fraction of the absolute melting temperature because
of an increased mobility of the elements in the crystal lattice. This
fraction is thought to be about one-half, though it is different for each
material structure. Thus, sintering in calcium oxide (m.p. = 29270C)
should not occur readily below about 13000C. This is borne out by the
steadiness of these product surface areas with time; relative to this
time scale, sintering is very slow. CaSO4 would be expected to sinter
since its melting point is approximately 14800C. One-half of this, on an
absolute scale, is about 6050C. Therefore, CaSO4 should sinter at these
high temperatures.
The mystery is why the CaO surface area decreases with increasing
decomposition temperature (Figure 4.18). Since there is no time depen-
12 Budnikov, P.P., and A.M. Ginstling, 1968, p. 73.
13 Gregg, S.J., 1953.
14 Tammann, G., 1926.
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dency of these surface areas within this time scale, the effect cannot
simply involve increased macroscopic rates of sintering. Conditions
during the decomposition cause a given surface area to form which remains
fixed, and that surface area depends on the conditions at the decomposi-
tion interface. The heat and mass transfer decomposition model predicts
an internal buildup of C02 pressure with temperature, but this is
speculative and does not explain why sintering does not occur throughout
the decomposition.
It is consistent with Hedvall's observations 5 ,16, 17 that the in-
creased mobility of the atoms during the decomposition could allow local-
ized rearrangements to occur. This would cease once the material had
crystallized into its normal lattice. The result would be a transient
sintering process.
This hypothesis can explain both observations. When the lattice
vibrations are strong enough to allow gaseous CO2 to form and leave, the
ion pair formed (Ca++ and O=) has a temporarily increased freedom of
movement. Presumably the ions' mobility would depend on temperature.
Higher mobility at higher temperatures would mean lower surface areas.
Once the newly freed ions have rearranged and stabilized into their new
CaO lattice, however, their mobility would be drastically reduced and
the sintering would become governed by more-typical diffusional processes
(crystal defects), hence much slower sintering.
The final oxide structure formed would depend on the relative mag-
nitudes of several rates: a balance between the rate of loss of C02 from
15 Hedvall, J.A., 1966.
16 Boldyrev, V.V., et al., 1979.
17 Budnikov, P.P., and A.M. Ginstling, 1968.
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the old lattice, the ionic mobility within the transient, metastable
lattice, and the rates of nucleation and recrystallization forming the
new lattice. Gregg18 discusses nucleation and recrystallization after
thermal decomposition. All of these rates would be strong functions
of temperature, and their complex interaction would determine the size of
the resulting grains and interstices. Once the structure is formed, its
characteristics would depend on normal sintering processes.
The formation of decreasing specific surface area with increasing
temperature has been observed by others. 19 ,20,21 McClellan et al. decom-
posed 3 gram samples of limestone in a platinum boat for 16 hours at
various temperatures and studied the material properties formed. They
found crystallite size to increase with increasing temperature (mean
grain diameters are on the order of 700-2500 [Angstroms]). Sintering is
given as the cause of the increased grain size, though variations in time
are not reported. Borgwardt and Harvey report a decreasing surface area
(increasing grain size) with increasing temperature, but make no attempt
at explaining its cause. Surface areas from one of their high-calcite
limestones are of the order of 1-7 [m2/g] for decomposition temperatures
between 800 and 1100 0C. Hartman and Trnka present similar findings with
those above, but offer no time resolved data. No explanation for the
loss of surface area at the higher temperatures is reported. In this
study it is found that each increment of surface formed has the same
area, and that area remains constant with time. Therefore, the size of
18 Gregg, S.J., 1953.
19 McClellan, G.H., et al., 1970(b).
20 Borgwardt, R.H., and R.D. Harvey, 1972.
21 Hartman, M., and 0. Trnka, 1980.
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the grain must be determined at the time of its formation. The finding
of surface areas which are dependent on formation temperature, yet inde-
pendent of time are unique to this study.
Sulfation of the oxide formed behaves in a manner similar to that of
the surface area formation. For a given condition, the oxide is found to
sulfate to a given fraction as it is formed. Figure 3.41 shows the sul-
fation conversion normalization process. The decomposition conversion
(Xi) and the sulfur-to-calcium ratio (X2) increase with time. However,
when X2 is normalized by the amount of calcium oxide formed at each
point, this oxide-normalized sulfation conversion (X3) is seen to be
invariant in time.
This is found for all the conditions studied. Figure 4.19 presents
some of the data. The implication is that the reaction slows consider-
ably (on the 2-second time scale) once this amount of sulfate is formed.
According to the figure, 8 to 13% of the available oxide sulfates under
these conditions. The sulfated fraction slightly decreases as tempera-
ture is increased. Above 11500C, the conversion drops rapidly, because
the sulfate becomes thermodynamically unstable. Figure 4.20 shows the
temperature dependence of X3 more clearly for the Iceland Spar limestone.
Empirically, temperature has two opposing tendencies: as the temper-
ature is decreased more surface is formed, but the amount of sulfate
formed decreases. The overall balance of these effects is to decrease
the sulfation as temperature is increased.
When the limestone is pre-decomposed, the "initial" surface area is
the same for all temperatures. The conversion to sulfate increases
with both residence time and temperature. Figures 3.28 and 3.29 show
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this. Others 22 have also found this behavior with pre-decomposed sam-
ples. At 9000C, X2 increases to about 4-6% within 2 seconds for both
Rigsby-, and Iceland Spar-based oxide samples. The Iceland Spar-based
oxide achieves 6% sulfation at the full drop-distance at 900 0C (repeat-
able), and increases to 17% sulfation at 1150 0C. The sulfation is
slightly less at 12000C.
The surface area of the pre-decomposed particles remains constant
at the lower temperatures, but diminishes somewhat at the higher temper-
atures. This effect could be due to sintering or to the increased amount
of sulfation.
Porosimetry of these samples (Figure 3.31) reveals pores larger than
0.1 ym where there were none before the sulfation treatment. This cor-
responds to the macroscopic cracking seen under SEM. The intrusion into
pores under 0.1 ym decreases consistently as the furnace temperature is
raised. This loss of porosity is attributed to the formation of calcium
sulfate inside the previously existing pores. The initial porosity below
.07 um was about 21% and this decreased to 11% as the sulfation reached
17%.
That the porosity decreases slowly (as opposed to abruptly) implies
the pore mouths do not "plug" in this case, but fill slowly.
This porosity evidence and the observation of increased extent of
sulfation with time and temperature suggest that the rate of diffusion
through the product layer limits the rate and conversion. The final
amount of sulfation in the 2-second residence time is evidently limited
by the amount of surface available for sulfation.
22 Borgwardt, R.H., 1970.
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By contrast, simultaneously decomposing and sulfating Iceland Spar
results in the CaO-normalized sulfation conversion (X3) decreasing as
temperature increases, from 16% at 900 0C to 9% at 12000C. Figure 4.21
shows a comparison with the pre-decomposed sulfation. The pre-decom-
posed samples increase in sulfation and the simultaneously decomposed
samples decrease in sulfation as temperature is increased. This is
attributed to the physical structure of the oxide formed at each tempera-
ture. More surface is available for sulfation at the lower tempera-
tures (Figure 4.22), which seems to overcompensate for the diminished
diffusional rates at the lower temperatures.
Other investigators23,24,25 have modeled the formation of sulfate as
either a grain or pore reaction with product-layer diffusion control-
ling. Under this assumption, even the normalized sulfation conversion
increases steadily with time. In the study by Borgwardt, he finds 20%
sulfation of precalcined limestone (23 (m 2/g]) in 5 seconds at 11250C.
His sulfation conversion continues to increase with time. This conver-
sion correlates with nearly 8 molecular layers of sulfate if evenly
formed over the entire internal surface. Using Bhatia and Perlmutter's
product-layer diffusivity (8.6x10~13 [m 2/sec]) derived from their random-
pore model, one would expect a much thicker product layer to form in
times of order 2 seconds (700 [Angstroms]).
Other work by Borgwardt 26 shows the same characteristics found in
this study. One sample with a surface area of 5 [m 2/g] sulfated at 700 0C
23 Borgwardt, R.H., et al., 1984(a).
24 Bhatia, S.K., and D.D. Perlmutter, 1981(b).
25 Hartman, M., and 0. Trnka, 1980.
26 Borgwardt, R.H., et al., 1984(c).
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to 9% within 30 seconds, then remained at this conversion for over 10
minutes.
DeLucia 27 studied an analogous system--the formation of calcium
carbonate from the porous oxide. He concludes that the reaction occurs
in three regimes: a fast, kinetically-controlled internal surface reac-
tion to several molecular layers, followed by diffusion-control through
this layer until the pores fill, then slow diffusion on the dimension of
the particle radius to the remaining oxide within the particle.
These two studies show the behavior of a fast kinetic regime fol-
lowed by much slower uptake. Two models are presented here which are
consistent with the sulfation data obtained in this study. The pheno-
menon of interest in this system is this rapid formation of a given
amount of sulfate followed by very slow further reaction.
In the first model, the sulfate is assumed to only form uniformly on
the available oxide surface. This corresponds to DeLucia's first re-
gime. The diffusion coefficient governing transport through this layer
for further reaction must be very small to account for the very slow rate
of reaction in the second regime. The second model assumes that a type
of pore-plugging exists to explain the slowing of the rate. This model
invokes the pore-tree system of Simons. 28
The number of molecular layers of sulfate formed on the surface is
calculated from the surface area of each sample and the normalized con-
version of the oxide represented by that surface. For a flat plate, the
thickness of a single (crystalline) layer of calcium sulfate is calcu-
lated to be 4.24 [A]. Given the density of CaO, p = 3.32 in [g/cm 3], a
27 DeLucia, D.E., 1985.
28 Simons, G.A., 1979.
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measured surface area, S in [m 2/g-CaO], this monolayer thickness, 8 =
4.24 in [AJ, and the oxide-normalized sulfation conversion, X3, the
number of layers formed can be calculated:
n = X3*10 4/(S*S*p). (4-L)
The Iceland Spar sulfation data are converted to these molecular
thicknesses and are presented in Figure 4.23 as a function of tempera-
ture. The surface area used for this figure is that measured for the
unsulfated samples under the same conditions. The number of layers is
very small, between 2 and 5, and it increases with temperature but does
not grow appreciably with residence time. DeLucia found 2 molecular
layers to be the limit of his primary surface coverage.
The rate of formation of this initial layer of sulfate is temper-
ature activated. An Arrhenius activation energy of approximately 10.5
[kcal/mol) explains the temperature dependence. Subsequent diffusion
through this layer is slow, as it does not appear to grow with time, even
at the highest temperature. The solid-state diffusion coefficient esti-
mated by Bhatia and Perlmutter29 (8.6x10-13 [m2/sec]) would predict much
more growth In 2 seconds. The purity of the calcite used in this study
(optical-grade) may account for the lower apparent diffusion rate.
Since such thin sulfate layers are formed and the 2-second conver-
sion is limited to the initial surface reaction, it is concluded that
additional surface area would be most beneficial for increasing sulfation
conversion.
The same conclusions are reached if one uses the measured surface
area of each sample. Using this area may or may not be more valid,
depending on the interpretation of the difference between the two surface
29 Bhatia, S.K., and D.D. Perlmutter, 1981(b).
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areas. The measured areas of the sulfated samples were found to range
between 30% and 60% of the unsulfated areas, from Figure 3.53. The asso-
ciated sulfate layer thickness are somewhat higher, generally between
4 and 15 molecular layers. Again, the layer increases with temperature
and falls off slightly at 1200 0C. Figure 4.24 presents the results of
these calculations. Some of the measured surface areas at lower tempera-
tures were much smaller than the rest, and the resulting sulfate layer
thicknesses are very high (30 to 60 molecular layers). Since nothing
anomalous was seen in their sulfation values, the surface areas are
presumed anomalous. In these cases, the surface has obviously not sul-
fated evenly.
The second model follows Simons and assumes that a bimodal pore-size
distribution exists. His model assumes the pores to be interrelated
in a "pore tree" as trunks, branches, twigs, et cetera. The smaller
pores represent the majority of the surface area and dominate the reac-
tion. The larger pores will feed the smaller ones which can plug with
product at their openings, if the reaction rate per unit surface area is
fast enough. This would leave some of the original surface area inac-
cessible. An increase in the amount of sulfation with temperature before
micropore closure is consistent with a pore-mouth plugging mechanism.
The difference between the measured sulfated and unsulfated surface
areas, the presence of hidden porosity, and measured pore diameters of
the order of 200 [A] diameter suggests the existence of pores smaller
than the measurable 30 [Angstroms]. The 200 [A] pores persist through
the sulfation (see Figure 3.55).
Both models can predict a constant oxide sulfation followed by
diffusion on a much longer time scale. This model, however is also
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consistent with the surface area and porosimetry results. The difference
in B.E.T. surface area between the sulfated and unsulfated samples (30 to
60% lower) would be attributed to the loss of the smaller pores due to
plugging.
With either interpretation of the sulfation, and considering that
the calculated effectiveness factor is unity, there should be no effect
of particle size on the sulfation. However, a weak relationship is
found. Over the range 2-50 um diameter, the sulfation conversion in-
creases as particle diameter to approximately the -1/3 power. Empir-
ically,
logo(X3) = -.298 -.390*logio(Dp(ym)). (4-M)
This correlation and the data are presented in Figure 4.25.
No model was found which gives a -1/3 power dependency. Several as-
sumptions tried resulted in power dependencies ranging from 0 to -1 or
larger; these include effectiveness factor and shell formation calcu-
lations. However, neither model can support the constant -1/3 power over
such a wide range of particle diameter.
Therefore, the cause of the increased sulfation must be secondary to
particle size. That is, the smaller particles may have a higher tendency
for particle break-up, attrition, or internal cracking, or have formed a
higher surface area. These would, in turn, have an effect on the sulfa-
tion.
The increased sulfatability of smaller particles is thought to be
caused by a larger surface area formed within them. Two reasons are
proposed for the formation of this larger surface area.
Analysis shows that the larger particles would build up higher
concentrations of C02 within them, and a lower surface area could be the
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result. At constant temperature, the rate of generation of C02 should be
inversely proportional to the square of particle diameter. The rate of
loss of C02 from the particle would be directly proportional to the
gradient, dC/dr, which is inversely proportional to particle diameter to
the first power. Thus the internal concentration of C02 would behave
approximately as:
[C02]f = a*R1 - b*R2 . (4-N)
The diffusion term (R2 ) dominates as R is decreased, so the C02 concen-
tration would decrease (-b) allowing higher surface areas.
A second cause of larger surface areas in smaller particles could
be that the smaller particles decompose nearer the inlet of the furnace
where the gas temperature is lower. Lower temperatures are found to
cause higher surface areas to form. No data were taken on the effect
of particle size on surface area, however.
Therefore, the correlation presented in equation (4-M) may or may
not extrapolate to even smaller particles, depending on the mechanism.
There may be an intrinsic limit of, for instance, surface area. If the
correlation is extrapolated, full sulfation would be expected for
particles smaller than 0.17 pm in diameter. Such high conversions are
seen in aerosol systems.30
Sulfation conversion was found to increase with P(S02) to approxi-
mately the +1/2 power. Empirically,
log10(X3) = -2.80 -.536*log io(P(SO2) [ppm]), (4-0)
over the range 750 to 12000 [ppm] SO2 in 5% 02. The data and correlation
are presented in Figure 4.26. This behavior is consistent with what
30 Van de Wijer, P.J., 1982.
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others have found31'32 and can be indicative of the formation and diffu-
sion of the ionic species (Ca++SOI~). Appendix J presents a detailed
potential mechanism for this phenomenon. This is also consistent with
the model of pore-mouth plugging of the micropores if the mouths close
with a rate defined by solid-state diffusion.
31 Coutant, R.W., et al., 1971.
32 Borgwardt, R.H., and K.R. Bruce, 1984(a).
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5. Conclusions
The conclusions from the low temperature portion of this study are
that:
1) complete conversion of CaCO3 to CaSO4 can be achieved if the carbonate
is sulfated directly;
2) decomposition of the CaCO3 should be avoided;
3) the reaction proceeds in a shell-progressive fashion, with reaction
rate control;
4) the particle size dependence is first-order because of this;
5) the shell of product CaSO4 is porous and allows gas-phase diffusion
through it;
6) whole-particle expansion is enabled with this mechanism; and
7) porous CaCO3 from the decomposition of calcium oxalate is very reac-
tive toward S02 and 02.
The conclusions from the high-temperature portion of this study, in
light of the low-temperature findings, are that:
1) the rate of decomposition of the CaCO3 at temperatures significantly
in excess of the decomposition temperature is faster than that of the
direct sulfation of the carbonate; therefore
2) the high sulfation conversions discussed above are not possible via
this mechanism;
3) the surface areas formed by such in-situ decomposition can be large,
decrease with increasing temperature of formation, though do not
sinter on the time scale of interest (2 seconds);
4) the oxide formed is observed to sulfate to between 8 and 13% within
0.5 seconds; subsequent reaction is slow on a 2 second time scale;
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5) one model which describes these phenomeria assumes that the CaSO4
covers the CaO surface evenly, so the conversion is proportional to
the surface area of the oxide and to the thickness of the sulfate
layer formed at that temperature; the sulfate thickness is of order
several molecular layers, diffusion through It Is slow on the time
scale of interest;
6) the second model assumes that the pore structure is a bimodal "pore
tree," with the diameter of the smaller pores under 30 Angstroms;
these small pores plug at relatively low conversion, limiting further
reaction; finally,
7) the overall effect of increasing temperature is to decrease the amount
of sulfur captured.
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6. Suggestions for Future Work
In the high temperature work, a better understanding of the internal
CaO surface needs to be obtained. This will help the understanding of
the mechanism of sulfation in this regime. The existence of micropores
and the cause of the postulated hidden porosity are open questions.
Work with single spheres of calcium oxide in the electro-dynamic TGA
in this department will prove interesting. Using this apparatus,
kinetics and diffusivities through CaSO4 can be better discerned.
In the low temperature work, much more can be accomplished. For
engineering application, the dependence on particle size needs better
definition. This can be accomplished with a better understanding of the
mechanism. It would be useful if particles much larger than those tested
in this work sulfated as well. In addition, tests of the friability of
the porous product layer may be appropriate. Testing of real limestones,
especially the effect of initial porosity and impurities should be a
priority.
Fundamental work is needed to confirm the physical and chemical
mechanisms of the direct sulfation of the carbonate. This can be
accomplished with more isothermal TGA experiments. Observation of the
core of carbonate is also important, as it will help confirm the mech-
anism. This could be done by slicing the particles and looking at cross
sections, or by selectively dissolving the sqlfate but not the carbonate.
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Appendix A: Analysis of TGA and XRF Results
Chemical analysis of the samples utilized X-Ray Fluorescence
(XRF) and Thermo-Gravimetric Analysis (TGA) to determine the sulfate and
carbonate content, respectively. The raw results from the two are Input
into the program SULDOL (following) to calculate the respective molar
conversions.
XRF directly provides the molar S/Ca ratio. TGA provides a weight
loss from the decomposition of the remaining C02 in the sample. In this
analysis, a mole and weight balance are used. The MgCO3 is assumed to
have decomposed (molar) proportionately to the CaCO3. No MgSO4 is
assumed to have formed. The weight of any inert minerals present is
assumed to stay constant.
The program output on the following page is for one particular
sample from Iceland Spar (050685-2). The initial weight fraction of
inert material in Iceland Spar is assumed to be .0085; this number gives
the correct weight loss for full decomposition of the Iceland Spar. The
XRF data showed a S/Ca ratio of .0990. The TGA weight before C02 weight
loss was 7.22, and after weight loss, 6.63. The decomposition conver-
sion, Xi, is calculated to be .869.
The calculations shown are the weights of each component in the
sample, their weight fractions, and finally their mole fractions (ex-
cluding the inerts). The total sulfation, X2, is .0990. And the
normalized sulfation conversion, X3 , is .114. The Shrinking-Core Model
functions for the decomposition follow the data.
SAMPLE NAME: 050685-2
FINAL TGA WEIGHT: 6.63
CHANGE IN WEIGHT FROM C02: 0.59
SULFUR/CALCIUM RATIO: 0.0990
ORIGINAL WEIGHT FRACTION CaC03:
ORIGINAL WEIGHT FRACTION MgC03:
ORIGINAL WEIGHT FRACTION INERT:
GRAMS
0.1300
0.4277
0.1335
0.0000
0.0000
0.0085
--- > CaO +
--- > CaSO4
--- > CaSO4
G/G SAMPLE
0.1858
0.6112
0.1908
0.0000
0.0000
0.0121
CaSO4
MOLE FRACTION
0.1312
0.7698
0.0990
0.0000
0.0000
X1= 0.8688
X2= 0.0990
X3= 0.1139
t/i = Xi = 0.869
t/T = 1-3(1-Xi) 2 / 3+2(1-Xi) = 0.488
t/l = 1-(1-XI)1 / 3 = 0.492
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0.9915
0.0000
0.0085
CaCO3
CaO
CaSO4
MgC03
MgO
INERTS
CaC03
Ca
CaO
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PROGRAM SULDOL
C
C THIS FORTRAN PROGRAM CALCULATES FROM TGA AND XRAY FLUORESCENCE
C RESULTS, THE OXIDE, CARBONATE, SULFATE, AND
C INERT COMPOSITION IN A SAMPLE THAT HAS BEEN RUN THROUGH
C THE DROP TUBE FURNACE. THIS PROGRAM
C WAS WRITTEN BY MICHAEL J.H. SNOW AND LAWRENCE S. SHAPIRO
C DURING THE FALL OF 1983 AND THE SPRING OF 1984.
C
REAL*8 ORMGCORCAC,0RINT
REAL*8 ORMFMGORMFCA
REAL*8 WMGCWMGOWCACWCAOWCASWINT
REAL*8 WFMGCWFMGO,WFCACWFCAOWFCASWFINT
REAL*8 MFMGCMFMGO,MFCACMFCAO,MFCAS
REAL*8 MWMGCMWMGO,MWCACMWCAO,MWCASMWCO2
REAL*8 WTOTMTOT
REAL*8 SOCDWCO2,WFTGA,A
REAL*8 X1,MX1,X2,X3
REAL*8 RUNNAM
INTEGER I,N
BYTE YN
C
MWMGC=84.316
MWMGO=40.305
MWCAC=100.09
MWCAO=56.08
MWCAS=136.14
MWC02=44.01
C
OPEN(UNIT=1,NAME='SULDOL.OUT',CARRIAGECONTROL='FORTRAN')
CALL VTCLR !CLEARS SCREEN
C
C DATA FROM THE TGA GRAPH, SULFATE DETERMINATION, AND
C INERT MATERIAL CALIBRATION IS ENTERED INTO THE PROGRAM
C HERE.
C
10 CALL VTCLR
20 WRITE(7,40)
READ(5,*) ORMGC
WRITE(7,50)
READ(5,*) ORINT
ORCAC=1.-ORMGC-ORINT
WRITE(7,60) ORCAC
IF((ORCAC.LT.0.).OR.(ORCAC.GT.1.)) GOTO 20
PAUSE
C
30 CALL VTCLR
WRITE(7,70)
READ(5,*) RUNNAM
IF(RUNNAM.LE..005) GOTO 270
C
WRITE(7,80)
READ(5,*) WFTGA
WRITE(7,90)
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READ(5,*) DWCO2
WRITE(7,100)
READ(5,*) SOC
C
CALL VTCLR
WRITE(7,120) RUNNAM
WRITE(1,120) RUNNAM
WRITE(1I110) WFTGADWC02,SOCORCACORMGC,0RINT
C
C HERE IS CALCULATED FIRST THE WEIGHTS OF THE INDIVIDUAL
C COMPONENTS IN THE SAMPLE (MgO,CaOCaCO3,CaSO4,INERTS)
C ASSUMING: THE MgC03 HAS GONE TO MgO IN THE SAME MOLAR
C PROPORTIONS AS CaCO3 HAS GONE TO CaO, INERTS REMAIN INERT,
C MOLES OF CALCIUM REMAIN CONSTANT, MOLES OF MAGNESIUM REMAIN
C CONSTANT, ALL SULFUR TIED UP AS CaSO4.
C WEIGHTS ARE NORMALIZED, AND WEIGHT AND MOLE FRACTIONS
C AS WELL AS CONVERSIONS ARE CALCULATED.
C
WRITE(1,130)
WRITE(7,130)
C
A=(DWC02/WFTGA)
C
C TWO OF THE SIX NEW WEIGHTS ARE DIRECTLY KNOWN
C
WINT=ORINT
WCAS=ORCAC*(MWCAS/MWCAC)*SOC
C
WCAC=A*(WINT+WCAS*(1.-MWCAO/MWCAS)+ORMGC*(MWMGO/MWMGC)+
I ORCAC*(MWCAO/MWCAC))/(MWC02*((ORMGC/ORCAC)/MWMGC+1./MWCAC))
WCAO=MWCAO*(ORCAC/MWCAC-WCAS/MWCAS-WCAC/MWCAC)
WMGC=(ORMGC/ORCAC)*WCAC
WMGO=ORMGC*(MWMGO/MWMGC)*(1.-WCAC/ORCAC)
C
WTOT=WMGC+WMGO+WCAC+WCAO+WCAS+WINT
WFMGC=WMGC/WTOT
WF MGO=WMGO/WTOT
WFCAC=WCAC/WTOT
WFCAO=WCAO/WTOT
WFCAS=WCAS/WTOT
WFINT=WINT/WTOT
C
MFMGC=WFMGC/MWMGC
MFMGO=WFMGO/MWMGO
MFCAC=WFCAC/MWCAC
MFCAO=WFCAO/MWCAO
MFCAS=WFCAS/MWCAS
MTOT=MFMGC+MFMGO+MFCAC+MFCAO+MFCAS
MFMGC=MFMGC/MTOT
MFMGO=MFMGO/MTOT
MFCAC=MFCAC/MTOT
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MFCAO=MFCAO/MTOT
MFCAS=MFCAS/MTOT
ORMFMG=ORMGC/MWMGC
ORMFCA=ORCAC/MWCAC
MTOT=ORMFMG+ORMFCA
ORMFMG=ORMFMG/MTOT
ORMFCA=ORMFCA/MTOT
CONVERSIONS OR REACTION COORDINATES FOR EACH POSSIBLE
REACTION PATHWAY IS CALCULATED HERE UNDER THE VARIABLE
X-.
XI=(ORMFCA-MFCAC)/(ORMFCA)
X2=(MFCAS)/(ORMFCA)
X3=(MFCAS)/(MFCAS+MFCAO)
IF(XI.LT.0.) X1=0.
IF(X2.LT.0.) X2=0.
IF(X3.LT.0.) X3=0.
IF(XI.GT.1.) XI=l.
IF(X2.GT.l.) X2=1.
IF(X3.GT.1.) X3=1.
THE CALCULATED DATA ARE HERE PRINTED ON A CHART AND THE
SCREEN SIMULTANEOUSLY.
WRITE(1,160)
WRITE(1,170)
WRITE(1,180)
WRITE(1,150)
WRITE(1,140)
WRITE(1,190)
WRITE(1,200)
WRITE(1,210)
WRITE(1,220)
WRITE(7,160)
WRITE(7,170)
WRITE(7,180)
WRITE(7,150)
WRITE(7,140)
WRITE(7,190)
WRITE(7,200)
WRITE(7,210)
WRITE(7,220)
WCACWFCACMFCAC
WCAOWFCAOMFCAO
WCASWFCASMFCAS
WMGCWFMGCMFMGC
WMGOWFMGOMFMGO
WINTWFINT
X1
X2
X3
WCAC,WFCAC,MFCAC
WCAOWFCAO,MFCAO
WCASWFCASMFCAS
WMGCWFMGCMFMGC
WMGOWFMGOMFMGO
WINTWFINT
X1
X2
X3
IF(X1.LT..001) X1=.001
IF(X1.GT..999) X1=.999
MX1=1.-Xl
WRITE(1,230)
225
WRITE(1,240) X1,1.+2.*MX1-3.*MX1**(2./3.),1.-MX1**(1./3.),
1 DLOG(XI/MX1),DLOG(DLOG(1./MX1))
WRITE (7, 230)
WR IT E (79,240) X1, 1.+2. *MXI-3. *MXI** (2. /3. ) ,1. -MX1** (1./3.) ,
1 DLOG(XI/MX1),DLOG(DLOG(l./MX1))
C
PAUSE
GOTO 30
C
40 FORMAT(' ENTER WEIGHT FRACTION MgC03 IN ORIGINAL SAMPLE: ',$)
50 FORMAT(' ENTER WEIGHT FRACTION INERT IN ORIGINAL SAMPLE: ',$)
60 FORMAT(' WEIGHT FRACTION CaCO3 IN ORIGINAL SAMPLE:',F6.4,/)
70 FORMAT(' ENTER SAMPLE NAME: ddmmyy.## ( <=0 to end ): ',$)
80 FORMAT(/,' ENTER FINAL SAMPLE WEIGHT FROM TGA GRAPH: ',$)
90 FORMAT(' ENTER CHANGE IN SAMPLE WEIGHT FROM C02: ',$)
100 FORMAT(' ENTER SULFUR/CALCIUM RATIO FROM XRF: ',$)
110 FORMAT(/,' FINAL TGA WEIGHT: ',F4.2,/,
I ' CHANGE IN WEIGHT FROM C02: ',F4.2,/,
2 ' SULFUR/CALCIUM RATIO: ',F6.4,/,
3 ' ORIGINAL WEIGHT FRACTION CaCO3: ',F6.4,/,
4 ' ORIGINAL WEIGHT FRACTION MgC03: ',F6.4,/,
5 ' ORIGINAL WEIGHT FRACTION INERT: ',F6.4)
120 FORMAT(' SAMPLE NAME:',lX,F9.2)
130 FORMAT(/,13X,'GRAMS',3X,'G/G SAMPLE',3X,'MOLE FRACTION')
140 FORMAT(' MgO',6XF8.4,3XF8.4,6X,F8.4)
150 FORMAT(' MgC03',4X,F8.4,3X,F8.4,6X,F8.4)
160 FORMAT(' CaC03',4X,F8.4,3X,F8.4,6X,F8.4)
170 FORMAT(' CaO',6X,F8.4,3X,F8.4,6X,F8.4)
180 FORMAT(' CaSO4',4X,F8.4,3X,F8.4,6X,F8.4)
190 FORMAT(' INERTS',5XF6.4,5XF6.4)
200 FORMAT(/,' CaCO3 --- > CaO + CaSO4',T30,'XI= ',F6.4)
210 FORMAT(' Ca --- > CaSO4',T30,'X2= ',F6.4)
220 FORMAT(' CaO --- > CaSO4',T30,'X3= ',F6.4,/)
230 FORMAT(' FI(X)',3X,' F2(X)',3X,' F3(X)',3X,' F4(X)',3X,
1 ' F5(X)')
240 FORMAT(lX,5(F6.3,3X),//)
250 FORMAT(//' DO YOU WISH TO CONTINUE WITH A NEW SAMPLE (Y/N)? ',$)
260 FORMAT(1AI)
C
270 WRITE(7,250)
READ(5,260) YN
IF(YN.EQ.'Y') GOTO 10
IF(YN.EQ.'N') GOTO 280
GOTO 270
280 CALL VTCLR
C
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CLOSE (UNIT=I)
STOP
END
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Appendix B: TGA Simultaneous Sulfation Calculations
The problem at hand is the analysis of a TGA weight curve In which
CaCO3 is heated in a mixture of He, C02, S02 and 02. At any point, the
sample contains a combination of CaCO3, CaO, and CaS04 (not to mention
CaSO3 and CaS!). It is impossible to deconvolute one weight curve into
the molar concentrations of three compounds. Thus, precluding continuous
chemical analysis, assumptions are necessary.
Two types of assumptions will be outlined here. One uses a weight
curve from a pure decomposition, one without S02 and 02, and assumes that
the CaSO4 must be formed through the intermediate CaO. The other
assumption is that the SO3 exchanges directly for C02.
The basis of the "exchange" assumption is that the sample always
consists of CaC03 and CaSO4:
W = W(CaCO3) + W(CaSO4). (B-1)
The sulfation conversion is defined as the ratio of the total number of
moles of CaSO4 to the total amount of Ca:
X = n(CaS04)/[n(CaCO3)+n(CaSO4)]. (B-2)
If Wo is the initial weight of CaCO3, then using the molecular weights of
the two compounds, the sulfation conversion, X, is calculated from the
weight at any point:
X = (100.09/36.05) * (W/Wo - 1). (B-3)
From this, the sample weight for full sulfation, is:
W(X=1) = 1.36Wo. (B-4)
The basis for the "CaO intermediate" assumption is that the sample
consists of three compounds: CaCO3, CaO, and CaSO4, and that the extent
of CaO formation in the sulfated weight curve is identical to that which
228
obtains in the associated decomposition weight curve. Knowing the amount
of CaCO3 existing at each point on the curve allows calculation of the
amount of conversion of the available CaO to CaSO4.
If Wo is the original weight of CaCO3, and Wi is the weight of the
decomposing sample, and W2 is the weight of the simultaneously sulfating
sample, then the following calculations can be made. Xi is the molar
conversion of CaCO3 to CaO:
Xi = (100.09/44.01) * (1 - Wi/Wo). (B-5)
From this, the minimum weight possible (full decomposition) is:
W(Xi=1) = 0.56Wo. (B-6)
X3 is defined as the fraction of the available CaO transformed to CaSO4:
X3 = n(CaSOO)/n(CaO,available). (B-7)
The total number of moles of CaO formed is directly proportional to Xi:
n(CaOavailable) = Xino = XiWo/100.09, (B-8)
so:
n(CaCO3) = (1-Xi)(Wo/100.09), (B-9)
n(CaO) = (1-X3)Xi(WO/100.09), and (B-10)
n(CaSO) = X3Xi(WO/100.09). (B-11)
The sulfating sample weight consists of the weights of the three
compounds present:
W2 = W(CaCO3) + W(CaO) + W(CaSO), (B-12)
which, when translated to the molar conversions defined above, using the
molecular weights, provides: (B-13)
W2/WO = (1-Xi) + (1-X3)Xi(56.08/100.09) + X3X1(136.14/100.09).
This allows this relation between the specific sulfation conversion, X3,
and the two weight curves:
X3 = (44.01/80.06) (1 + (W2/WO - 1)/(l - Wi/Wo)). (B-14)
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The overall sulfation conversion, X2, is:
X2 = Xs*X1. (B-15)
These equations are applied to each set of points from the TGA
curves, after the curves have been corrected for the weight drift caused
by the flow in the TGA past the pan. The flow is upward and the apparent
weight of even an empty pan increases as the temperature and the gas
velocity is increased. Since this change In weight is absolute, the
calculation is relatively easy; the correction is adjusted until the
final decomposition weight agrees with that of CaO (.560Wo). A similar
adjustment is made to the simultaneous sulfation curve.
Once X2 is calculated for each point, a rate can be determined. In
this case, a simple difference was used to obtain the slope at any point
dX2/dt = (X2(i+1)-X2(i-1))/(t(i+1)-t(i-1)). (B-16)
If the particles are assumed to be spheres, with shrinking-core reaction
interfaces, then the following equations obtain for the interface
velocity:
X2 = I - r3/R3  (B-17)
r = R * (1-X2) 1/3  (B-18)
dX2/dt = -3r2/R3 * (dr/dt) (B-19)
dr/dt = -R/3 * (1-X2 )-2/ 3 * (dX2/dt). (B-20)
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Appendix C: Model for Nonisothermal Shrinking-Core Reaction
with Linear Heating Rate
The differential rate for a first-order reaction controlled shrink-
ing spherical interface can be described by:
dX/dt = 3/t*(1-t/i) 2  (C-1)
where "X" is the molar conversion, and "t" is defined by:
. s p*R/(k*C). (C-2)
"p" is the molar skeletal density of the original solid [mol/cm 3], "R" is
the initial particle radius [cm], "k" is the reaction rate constant
[cm/sec], and "C" is the molar concentration of gaseous reactant
[mol/cm 3]. The rate expression can be rederived for fractional-order
kinetics if necessary.
"k" is assumed to follow Arrhenius-type behavior:
k = ko*exp{-E/Rg*T}, (C-3)
where E is the activation energy and Rg is the gas constant.
For isothermal reaction "k", and therefore "r", are constant, and
the conversion relationship becomes the familiar:
X = 1-(I-t/1) 3. (C-4)
For reaction under transient thermal conditions, I is no longer constant
(t=i(T) and T=T(t)). Equation (C-1) could be integrated directly:
X = fdX = 3*f(1/1)*(1-t/1) 2 dt. (C-5)
However, the integration can be carried out more simply by inte-
grating for the depth of penetration given that "k" defines an interface
velocity:
-dr/dt = k*C/p; (C-6)
- dr = ko*C/p f exp{-E/RgT} dt (C-7)
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The conversion can then be calculated from the known integral shell
thickness.
With a linear heating rate:
T = To+At; (C-8)
dT = Adt; (C-9)
the integral in (C-7) can be modified to:
R - r = ko*C/(p*A) fTo exp{-E/RgT} dT. (C-10)
Letting
y = E/RgT, and- (C-11)
dT = E/Rg d(1/y) = -E/Rg * (1/y2 ) dy, (C-12)
The integral (C-10) becomes:
R - r = -ko*C*E/(p*A*Rg) f exp{-y)/y 2 dy, (C-13)
Yo
where
yo = E/RgTo. (C-14)
This integral can be solved using the Exponential Integral function
(E) as: (C-15)
R - r = -[ko*C*E/(p*A*Rg)]*[RgTo/E*E2{E/RgTo} - RgT/E*E2fE/RgT}]
or:
6 = R - r = -[ko*C/(p*A))*[To*E2{E/RgTo} - T*E2{E/RgT}]. (C-16)
The Exponential Integral Function is defined as:
E2() = f7 exp{-EX}/X 2 dx. (C-17)
For large arguments, E2 becomes small, and can be approximated as zero.
For smaller arguments, E2 can be approximateef as:
E2(M = exp{-&}/((+2). (C-18)
If this model is applied to a TGA reaction in which the starting tempera-
ture (To) is low, then using these two approximations and the relation-
ship between the "shell thickness" (S B R-r, and R E the initial particle
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radius) and conversion:
x = - (1 - 6/R)3, (C-19)
one obtains:
X(T) = 1 - [1 - (koC/pR)*(T/A)*exp(-E/RgT)/(E/RgT+2)]3
. (C-20)
This expression was used to develop the modeling curves for the
nonisothermal direct sulfations in the body of this thesis. It is handy
because it is easily evaluated and provides at least the basic behavior
of the system.
For a more accurate representation, a better approximation must be
used. Several are available in Abramowitz and Stegun.1
The most accurate would be to combine their recurrence relation
(5.1. 14):
E2(M) = exp{-E} - (EI(E) (C-21)
with their expression for Ej(E) (5.1.56):
exp{)Ei(g) = ( (+a 3+b(2+cE+d) / (+e(3+f(2+g(+h). (C-22)
where:
a = 8.57332 87401, e = 9.57332 23454,
b = 18.05901 69730, f = 25.63295 61486,
c = 8.63476 08925, g = 21.09965 30827,
d = 0.26777 37343, h = 3.95849 69228.
The absolute value of the error in the function in (C-22) is given
as less than 2x10~8 , for argument values between I ( &< -.
Abramowitz, M., and I.A. Stegun, 1970.
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Appendix D: Surface Area Calculations
for Nitrogen Adsorption and B.E.T. Analysis
The nitrogen adsorption surface areas were measured on a dynamic
adsorption apparatus made by Quantasorb Corp. The technique involves
first introducing a small quantity of powder into a special pyrex sample
holder, weighing the sample,, and degassing any adsorbed gases. The
latter was done by heating at about 1500C under vacuum for 30 minutes.
After attaching the holder to the apparatus, a steady flow of 30% N2 in
He is passed over it. The nitrogen in this gas stream is alternately
adsorbed and desorbed by immersing the sample holder in liquid N2 and hot
(1400C) glycerol.
The volume of the desorbed N2 is then estimated. The desorption
signal from the sample is integrated, and then several known quantities
of pure N2 are injected for calibration. The integrated total from the
sample is scaled to a volume by the calibrated values.
This volume is related to a total surface area by first calculating
the number of molecules of N2 present on the surface. B.E.T. theoryl. 2
(single point) is used to calculate the number which would have covered
the surface in a monolayer. This value is extrapolated to a total
surface area using an estimate of the area covered by one N2 molecule.
The equations used for this procedure are:
Vs = Vc * (Is/Ic), (D-1)
where Vs is the volume of the desorbed N2 [cm 3), Vc is the calibration
volume [cm 3], and Is and Ic are the integrated signals;
I Brunauer, S., P.H. Emmett, and E. Teller, 1938.
2 Young, D.M., and A.D. Crowell, 1962.
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Ns = Vs * (Pa/760)/(Rg*T) * A, (D-2)
where Ns is the number of molecules of N2 in Vs, Pa is the corrected room
pressure [mmHg] (Pa = P - 3), Rg is the gas constant [82.057 cc-atm/-
mol-KJ, T is the room temperature [K], and A is Avogadro's Number [6.023
x 1023 molecules/mole]. The B.E.T. equation is:
Nm = Ns * (1 - PI/Po), (D-3)
where Nm is the number of molecules of N2 in a surface monolayer, PI is
the partial pressure of N2 in the'stream (Pa*x(N2)) [mmHg], X(N2) is the
mole fraction of the N2 in the gas cylinder, and Po is the approximate
vapor pressure of liquid N2 [mmHg] (Po Pa + 15);
Am = Nm * Ai, (D-4)
where Am is the total area of the monolayer [m2], and Ai is the approxi-
mate area of 1 molecule of N2 [16.2 x 10-20 m2].
The specific surface area of the sample is calculated by dividing by
its weight:
A = Am / Ws. (D-5)
Using the chemical analysis, the fractional weight of the CaO or
CaO+CaSO4 is used to further normalize the surface area to the amount of
product formed:
Ap = A / fp. (D-6)
A is the specific surface area [m2/g-sample), WS is the weight of the
sample, Ap is the product-normalized area [m2/g-product], and fp is the
weight fraction of the products [g(CaO+CaSO4)/g-sample].
As a sample calculation, assume that it is 240C in the room, that
the pressure measures 774 [mmHg], and that the gas mixture has a N2 mole
fraction of .3007. Is measures 400, and a calibration volume of 0.04 cm3
produces an Ic of 293. The volume of N2 is then 0.0546 cm3, which is
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about 1.37x10'8 molecules.
has 9.65x10'7 molecules, for
3.69 [m2/g-sample] with a
[g-CaO/g-sample], the CaO has
P/PO is 0.2950. A monolayer coverage then
a total area of .1563 (i 2 ]. This becomes
sample weight of .0423 (g]. With 0.354
a surface area of about 10.4 [m2/g-CaO].
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Appendix E: Mercury Porosimetry Calculations
The three-dimensional structure of the particles is determined
using mercury-intrusion porosimetry. By three-dimensional is meant the
solid and the interstices, or pores, connecting the solid to the surface
of the particle.
Mercury intrusion is based on the capillary law governing non-
wetting liquids. The relationship between the radius of a pore, Rp, and
the pressure, P, required for mechanical equilibrium is provided by a
force balance on the meniscus:
P = -2ycosO/Rp (E-1)
where y Is the surface tension of the mercury, and e the contact angle
formed between the mercury and the solid. This radius is that of the
most restrictive part of the pore, and depends on pore shape.
In this work, the surface tension is assumed to be 485 [dynes/cm]
and the contact angle to be 130 [degrees). The equation above then
reduces to:
Dp = 180.87/P (E-2)
with Dp in [microns] and P in [psia].
The procedure is basically as follows. The penetrometer with
sample is evacuated, and the stem is immersed in mercury. When the
pressure on the mercury is increased, It flows into the penetrometer. At
10 psia, much of the penetrometer has filled, leaving some interstitial
volume, all of the internal pore volume, and all of the skeletal volume.
Further increases in pressure, with the stem now removed from the store
of mercury, forces the mercury into first the interstices, and then into
smaller and smaller pores. This volume intrusion is measured as a
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function of the applied pressure.
The intrusion calculations are based on simple conservation of
volume. At all times, the sum of the volumes of all of the components in
the penetrometer equals its calibrated volume:
Vt = Vs + VP + Vi + VH (E-3)
where Vt = total, calibrated volume of the penetrometer;
Vs = volume of the particles' solid skeleton;
Vp = volume of the particles' internal pores;
Vi = interstitial volume, between the particles; and
VH = volume of the mercury (Hg) in the penetrometer after filling.
The mercury volume is calculated using the change of weight on
filling the penetrometer. The interstitial volume is assumed to include
all of the measured intrusion from the filling pressure, 10 [psia], to
500 [psia] (corresponding to 0.36 [microns) diameter). This pressure was
found to be adequate by measuring the Intrusion of non-porous Iceland
Spar of the same size (45-53 [microns]). Pore volume is assumed to
include all of the intrusion from the "break-through" pressure of 500
[psia] up to the maximum pressure of the machine, 60,000 [psia].
This corresponds to a 30 Angstrom diameter pore.
The balance of the penetrometer's volume is assumed to be that of
the solid's skeletal structure and any inaccessible pore volume.
Unfortunately, this solid volume is the,,least accurate of the five
volumes because it involves taking a small difference between large
numbers:
Vs = Vt - (VH + Vi + Vp) (E-4)
One other source of error is due to the compressibility of the mercury,
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which can cause an apparent intrusion at the higher pressures; the
software of the porosimeter attempts to account for this.
The apparent particle volume is calculated from:
V(particle) = Vs + VP (E-5)
from which the particle density -[g/cm3] can be determined:
pp = p(particle) = Ws/V(particle) (E-6)
where WS is the sample weight [grams]. The apparent skeletal density is
determined from:
ps = p(skeletal) = WS/Vs (E-7)
The apparent porosity is defined as the fraction of the particle
volume occupied by the pores. It is calculated from either:
em = Vp/(Vp + VS) or em = I - Pp/Ps (E-8)
Finally, if the skeletal density of the particle can be estimated
from its chemical composition, any trapped or hidden porosity can be
calculated. Let Mi, M2, and M3 be the molecular weights, and pi, P2, and
P3 be the crystal densities, of CaCO3, CaO, and CaSO, respectively.
Then knowing the chemical conversions, X1 and X2:
p(sk) = pi*[(1-XI) + (M2/M1)*(Xl-X2) + (M3/Ml)*(X2)]
[(l-Xi) + (M2/M1)*(pi/p2)*(Xl-X2) + (M3/Ml)*(pl/p3)*(X2)] (E-9)
and the hidden porosity is:
&h = (I-Em)*(1-p(sk,meas)/p(sk,calc)) (E-10)
where p(skmeas) is the measured, and p(skcalc) is the estimated, value
of the skeletal density.
The following table lists the properties of the relevant species
and the results of some calculations.
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Table 8E.1: Physical Properties
SPECIES DENSITY MOL WT MOLAR VOLUME
[g/cm 3] [g/mol] (cm3/mol]
CaC03 2.71 100.09 36.93
CaO 3.25 56.08 17.26
CaSO4 2.96 136.14 45.99
e (CaO from CaCO3) = 0.533 (E-11)
9p (CaO from CaCO3) = 0.351 (cm3/g] (E-12)
Pore surface areas can be estimated using the volume intrusion
vs. pressure data. The method is detailed by Rootare and Prenzlow, and
is summarized here. No assumption need be made about pore geometry, as
the basic equation is an work-energy balance for the intrusion. the work
required to force the mercury into the pore (PdV) is equated to the work
required to cover part of the surface of the pore (y cose dA). The
total area is the integral:
A = f (P/ycose) dV (E-13)
Again, no assumption is made about the shape of the pore. Uncertainties
arise when "bottle-neck" pores exist and when the contact angle is not
known precisely. In addition, the method is sensitive to small errors in
the intrusion at the higher pressures.
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Appendix F: Experimental Conditions
SAMPLE SET D MAIN S02 AVERAGE TAU Limestone Size
POINT (inches) GAS + 02 TEMPERATURE (seconds) Type (Um)
14 Ar
10 Ar
6 Ar
22 Ar
18 Ar
14 Ar
10 Ar
6 Ar
1000
1000
1000
1000
1000
1100
1100
1100
1100
1100
220584-1
220584-2
220584-3
220584-4
220584-5
220584-6
220584-7
220584-8
220584-9
220584-10
060684-1
060684-2
060684-3
060684-4
060684-5
060684-6
060684-7
060684-8
060684-9
060684-10
140684-10
140684-2
140684-3
140684-4
140684-6
140684-7
140684-8
140684-9
140684-10
280684-1
280684-2
280684-3
280684-4
280684-5
280684-6
184
176
174
194
244
251
243
242
261
308
314
304
303
322
367
314
304
303
322
367
184
176
174
194
373
362
359
377
423
184
176
174
194
244
184
6 Ar
22 Ar
1000
1000
1000
1000
1300
1300
1300
1300
1300
1000
1000
1000
1000
1000
1000
1.785 Cianbro
I The 502 came mixed with Helium.
2 * = 3000 ppm S02 + 5% 02.
1.785
1.464
1.139
0.817
0.492
1.690
1.386
1.080
0.775
0.468
1.604
1.316
1.026
0.736
0.445
1.604
1.316
1.026
0.736
0.445
Cianbro
Cianbro
Cianbro
Cianbro
Cianbro
Cianbro
Cianbro
Cianbro
Cianbro
Cianbro
Cianbro
Cianbro
Cianbro
C Ianbro
Cianbro
Cianbro
Cianbro
Cfanbro
Cianbro
Cianbro
22 Ar 1200
18 Ar 1200
14 Ar 1200
10 Ar 1200
6 Ar 1200
22 Ar/Hel *2 1200
18 Ar/He * 1200
14 Ar/He * 1200
10 Ar/He * 1200
6 Ar/He 1200
22 Ar
18 Ar
14 Ar
10 Ar
22 Ar
18 Ar
14 Ar
10 Ar
6 Ar
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
1.464
1.139
0.817
1.526
1.250
0.976
0.701
0.424
1.785
1.464
1.139
0.817
0.492
1.785
C ianbro
Cianbro
Cianbro
Cianbro
Cianbro
Cianbro
Cianbro
Cianbro
Iceland
Spar
Spar
Spar
Spar
Spar
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SAMPLE SET D MAIN S02 AVERAGE TAU Limestone Size
POINT (inches) GAS + 02 TEMPERATURE (seconds) Type (Um)
18 Ar3
Ar
Ar/He
Ar/He
Ar/He
Ar/He
Ar/He
Ar
280684-7'
280684-8
280684-9
280684-10
280684-11
280684-12
280684-13
280684-14
280684-15
280684-7
130784-6
130784-1
130784-2
130784-3
130784-4
130784-5
130784-7
130784-8
130784-9
130784-10
130784-08
170784- 1
170784-2
170784-3
170784-4
170784-5
170784-6
170784-7
170784-8
170784-9
170784-10
020884-1
020884-2
020884-3
020884-4
020884-5'
020884-6
020884-5
176
174
194
244
184
176
174
194
244
176
251
251
243
242
261
308
242
248
261
281
242
251
243
242
261
308
251
243
242
261
308
148
140
136
156
210
244
210
1.464 Spar
1.139 Spar
0.817 Spar
0.492 Spar
1.785 Spar
1.464 Spar
1.139 Spar
0.817 Spar
0.492 Spar
1.464 Spar
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1100
1100
1100
1100
1100
1100
1100
1100
1100
1100
1100
1187
1187
1187
1187
1187
1187
1187
1187
1187
1187
1003
1003
1003
1003
1003
1060
1003
Cianbro
C ianbro
Cianbro
Cianbro
Cianbro
Cianbro
Cianbro
Cianbro
Cianbro
Cianbro
Cianbro
Cianbro
Cianbro
Cianbro
Cianbro
Cianbro
Cianbro
Cianbro
Cianbro
Cianbro
Cianbro
1.716 Cianbro
1.399 Cianbro
1.079 Cianbro
0.760 Cianbro
0.440 Cianbro
0.430 Cianbro
0.440 Cianbro
3 These next 4 runs use Helium as the carrier gas to test mass and heat
transfer to the injected jet of particles.
4 This series (1-5) was treated with S02 and 02 after collection on the
bronze filter to test the effectiveness of the collection system for
preventing further reaction.
post 4
post
post
post
post
6 He
6 He
6 He
1.690
1.690
1.386
1.080
0.775
0.468
1.080
0.928
0.775
0.622
1.080
1.552
1.244
0.952
0.677
0.388
1.552
1.244
0.952
0.677
0.388
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
38-45
38-45
38-45
38-45
38-45
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
242
SAMPLE SET D MAIN S02 AVERAGE TAU Limestone Size
POINT (inches) GAS + 02 TEMPERATURE (seconds) Type (m)
070884-1 210 6 He 1003 0.440 Clanbro 45-53
070884-2 156 10 He 1003 0.760 Clanbro 45-53
070884-3 136 14 He 1003 1.079 Cianbro 45-53
070884-4 140 18 He 1003 1.399 Cianbro 45-53
070884-5 148 22 He 1003 1.716 Clanbro 45-53
070884-6 210 6 Ar 950 0.505 Cianbro 45-53
070884-7 156 10 Ar 950 0.840 Cianbro 45-53
070884-8 136 14 Ar 950 1.172 Cianbro 45-53
070884-9 140 18 Ar 950 1.506 Cianbro 45-53
070884-10 148 22 Ar 950 1.837 Cianbro 45-53
070884-11 210 6 N2 950 0.457 Cianbro 45-53
070884-12 156 10 N2 950 0.770 Cfanbro 45-53
070884-13 136 14 N2 950 1.081 Cianbro 45-53
070884-14 140 18 N2 950 1.394 Cianbro 45-53
070884-15 148 22 N2 950 1.704 Cianbro 45-53
150884-1 218 22 He * 1109 1.634 Cianbro 45-53
-----------------------------------------------------------------
240884-1 218 22 He * 1131 1.634 Cianbro 45-53
240884-2 210 18 He 1131 1.330 Cianbro 45-53
240884-3 209 14 He * 1131 1.026 Cianbro 45-53
240884-4 228 10 He * 1131 0.724 Cianbro 45-53
280884-1 148 22 He * 1003 0.420 Cianbro 45-53
280884-2 140 18 He * 1003 1.683 Cianbro 45-53
280884-3 136 14 He 1003 1.351 Cfanbro 45-53
280884-4 156 10 He * 1003 1.039 Cianbro 45-53
290884-5 210 6 He 1003 0.735 Cianbro 45-53
290884-6 244 6 He 1070 0.431 Clanbro 45-53
290884-7 194 10 He * 1070 0.418 Cianbro 45-53
290884-8 174 14 He * 1070 0.713 Cianbro 45-53
290884-9 176 18 He * 1070 1.007 Cianbro 45-53
290884-10 184 22 He * 1070 1.307 Ctanbro 45-53
290884-10' 184 22 He 1070 1.624 Cianbro 45-53
290884-11 184 22 He 6000 ppm 1070 1.624 Cfanbro 45-53
210984-15 174 14 Ar 1000 1.139 Cianbro 45-53
210984-2 174 14 Ar 1000 1.139 Cianbro 45-53
210984-3 174 14 Ar 1000 1.139 Cianbro 45-53
210984-4 174 14 Ar 1000 1.139 Cianbro 45-53
210984-5 174 14 Ar 1000 1.139 Cianbro 45-53
New Furnace Temperature Measurements
-----------------------------------------------------------------
5 The feeder rate was varied here (7, 5, 3, 1, and 5 "ml/hr", respec-
tively).
243
SAMPLE SET D MAIN S02 AVERAGE TAU Limestone Size
POINT (inches) GAS + 02 TEMPERATURE (seconds) Type (um)
011184-1
011184-2
011184-2
011184-3
200
200
200
200
1083
1083
1083
1083
0.712
0.712
0.712
0.712
C ianbro
Spar
Cianbro
Cianbro
90-106
45-53
45-53
45-53
281184-1 260 22 He * 1157 1.546 CaCO3 R.G.6
281184-2 260 22 He * 1157 1.546 Ca(OH)2 R.G.
281184-3 260 22 He 1157 1.546 Spar 45-53
281184-4 260 22 He7 * 1157 1.546 Spar 45-53
-----------------------------------------------------------------
Ar/He
Ar/He8
He
He
He
He
He
He
He
22 He
18 He
14 He
6 He
6 He
1013
1013
1083
1083
1083
1083
1083
1100
1100
* 1100
* 1100
* 1100
* 1100
* 1100
* 1100
* 1100
* 1100
* 1100
1100
1100
0.555
0.555
0.710
0.710
0.710
0.710
0.710
1.589
1.670
1.589
1.294
0.999
1.589
0.999
0.410
0.410
0.999
1.589
0.411
1.003
CIanbro
Cianbro
Cianbro
C ianbro
Cianbro
Spar
Cianbro
CaC03
CaC03
CaCO3
CaCO3
CaCO3
CaCO3
CaCO3
CaC03
Rigsby
Rigsby
RI gsby
Cianbro
Cianbro
45-53
45-53
45-53
45-53
90-106
45-53
<38
R.G.
R.G.
R.G.
R.G.
R.G.
R.G.
R.G.
R.G.
45-53
45-53
45-53
45-53
45-53
291284-9 212 22 He 1100 1.596 Cianbro 45-53
291284-2 261 6 He+10%C02  1100 0.410 Cianbro 45-53
291284-6 184 14 He+10%C02  1100 0.996 Cianbro 45-53
291284-10 212 22 He+10%C02  1100 1.583 Cianbro 45-53
100185-1 0.000
100185-2A 0.000
100185-2B 0.000
100185-2C 0.000
6 R.G. means Reagent Grade Mallinkrodt crystals, dried to help feed.
7 Humidified; dew point = OOC.
8 -2 and -3 use humidified (100%) 02 to test effect of H20 vapor.
301184-1
301184-2
301184-3
301184-4
301184-5
301184-6
301184-7
301184-8
301184-9
081284-1
081284-2
081284-3
271284-1
271284-2
271284-3
271284-4
271284-5
271284-6
291284-1
291284-5
200
200
200
200
200
200
200
212
155
212
189
184
212
184
261
261
184
212
261
184
244
SET D
POINT (inches)
MAIN SO2  AVERAGE TAU Limestone Size
GAS + 02 TEMPERATURE (seconds) Type (um)
0.000
1.759
0.000
0.000
1.759
900
900
900
900
900
900
900
900
900
900
900
120185-0 112
120185-1 112
120185-2 88
120185-3 69
120185-4 90
120185-5 156
SAMPLE FROM: 100185-2C
120185-6 156
120185-7 90
120185-8 69
120185-9 88
120185-10 112
140185-0 112
140185-1 112
140185-2 88
140185-3 69
140185-4 90
140185-5 156
SAMPLE FROM: 130185-2
140185-6 156
140185-7 90
140185-8 69
140185-9 88
140185-10 112
189
120
97
111
133
189
120
97
111
133
133
111
97
120
189
133
6 He *
14 He *
6 He
22 He
1.759
1.759
1.431
1.102
0.776
0.449
0.449
0.776
1.102
1.431
1.759
900 1.759
900 1.759
900 1.431
900 1.102
900 0.776
900 0.449
900
900
900
900
900
950
950
950
950
950
950
950
950
950
950
0.449
0.776
1.102
1.431
1.759
0.439
0.756
1.076
1.393
1.714
0.439
0.756
1.076
1.393
1.714
950 1.714
950 1.393
950 1.076
950 0.756
950 0.439
950 1.714
SAMPLE
110185-3
120185-0
130185-1
130185-2
140185-0
Iceland
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
19-21
19-21
19-21
19-21
19-21
45-53
45-53
45-53
45-53
45-53
19-21
020385-1
020385-2
020385-3
020385-4
020385-5
020385-6
020385-7
020385-8
020385-9
020385-10
050385-1
050385-2
050385-3
050385-4
050385-5
050385-6
---------------------------------------------------------------------------
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SAMPLE SET D MAIN S02 AVERAGE TAU Limestone Size
POINT (inches) GAS + 02 TEMPERATURE (seconds) Type (um)
050385-7
050385-8
050385-9
050385-10
111
97
120
189
950
950
950
950
1.393
1.393
0.756
0.439
Spar
Spar
Spar
Spar
19-21
19-21
19-21
19-21
120385-1
120385-2
120385-6
120385-7
050485-2
050485-6
050485-1
050485-3
050485-3'9
050485-3"
050485-4
120185-1
080485-1
080485-2
080485-3
080485-4
080485-5
080485-6
215
150
215
150
155
155
155
155
155
155
155
112
133
155
181
212
252
292
100485-1 212
100485-2 212
100485-3
100485-6
100485-4
100485-5
250485-1
250485-2
250485-4E1 1
250485-3E
212
212
212
212
133
133
133
133
6
10
6
100
22 He
22 He
22 He
22 He
22 He
22 He
22 He
22 He
22 He
22 He *
22 He 02
22 He
22 He
22 He
22 He
22 He post
post
*
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000
900
950
1000
1050
1100
1150
1200
1100
1100
1100
1100
1100
1100
950
950
950
950
0.429
0.738
0.429
0.738
Spar
Spar
Spar
Spar
1.670 Spar
1.670 Spar
1.670 Spar
1.670 Spar
1.670 Spar
1.670 Spar
1.670 Spar
1.759
1.714
1.670
1.628
1.589
1.552
1.515
Spar
Spar
Spar
Spar
Spar
Spar
Spar
1.589 Spar
1.589 Spar
1.589
1.589
1.589
1.589
1.714
1.714
1.714
1.714
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
9 The filters appeared to be wet, so thought was given to using a
centripeter device for separating the particles from the gas.
10 The particles were collected on the four different stages of the.
centripeter. The nominal cut-off diameters for the four stages are >10 um,
7 Mm, 2 um, <2 Mm.
11 "E" means the very small material collected on the edge of the
filter.
45-53
45-53
19-21
19-21
45-53
45-53
19-21
10-12
10-12
10-12
5-7
45-53
45-53
45-53
45-53
45-53
45-53
45-53
53-90
53-90
19-21*10
19-21*
19-21*
19-21*
45-53
45-53
45-53
45-53
---------------------------------------------------------------------------
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SAMPLE SET D MAIN SO2  AVERAGE TAU Limestone Size
POINT (inches) GAS + 02 TEMPERATURE (seconds) Type (Mm)
250485-4F12
250485-3F
250485-6
250485-8E
250485-7E
250485-8F
250485-7F
133
133
252
252
252
252
252
post
*
post
*
post
*
950
950
1150
1150
1150
1150
1150
1.714
1.714
1.522
1.522
1.522
1.522
1.522
Spar
Spar
Spar
Spar
Spar
Spar
Spar
45-53
45-53
45-53
45-53
45-53
45-53
45-53
950
950
950
950
1150
1150
1150
1150
He 750 ppm 1150
He " 1150
He 3000 ppm 1150
He 1150
He 12000 ppm 1150
He 1150
900
950
1000
1050
1100
1150
1200
1.714
1.714
1.714
1.714
1.522
1.522
1.522
1.522
1.552
1.552
1.552
1.552
1.552
1.552
1.759
1.714
1.670
1.628
1.589
1.552
1.515
300485-1
300485-2
300485-3
300485-4
300485-5
300485-6
300485-7
300485-8
010585-1E
010585-IF
01 0585-2E
01 0585-2F
01 0585-3E
01 0585-3F
120185-0
070585-1
070585-2
070585-3
070585-4
070585-5
070585-6
160585-1
160585-2
160585-3
160585-4
160585-5
160585-6
160585-7
180585-1
180585-8
180585-9
180585-2
180585-3
180585-4
133
133
133
133
252
252
252
252
252
252
252
252
252
252
112
133
155
181
212
252
292
112
133
155
181
212
252
292
156
156
156
189
215
239
12 "F" means the bulk of the material collected on the filter.
900 1.759
950 1.714
1000 1.670
1050 1.628
1100 1.589
1150 1.552
1200 1.515
900 0.449 Spar
900 0.449 Spar
900 0.449 Spar
950 0.439 Spar
1000 0.429 Spar
1050 0.420 Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
-Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
---------------------------------------------------------------------------
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SET D MAIN S02 AVERAGE TAU Limestone Size
POINT (inches) GAS + 02 TEMPERATURE (seconds) Type (um)
156
189
215
239
261
281
300
90
120
150
180
210
240
271
89
112
137
163
189
216
242
88
111
134
161
189
221
258
90
120
150
180
210
240
271
89
112
137
163
189
216
242
900
950
1000
1050
1100
1150
1200
02
02
02
02
02
02
02
230585-1
230585-2
230585-3
230585-4
230585-5
230585-6
230585-7
290585-1
290585-2
290585-3
290585-4
290585-5
290585-6
290585-7
300585-1
300585-2
300585-3
300585-4
300585-5
300585-6
300585-7
010685-1
010685-2
010685-3
010685-4
010685-5
010685-6
020685-8
020685-1
020685-2
020685-3
020685-4
020685-5
020685-6
020685-7
900
950
1000
1050
1100
1150
1200
900
950
1000
1050
1100
1150
1200
900
950
1000
1050
1100
1150
1200
900
950
1000
1050
1100
1150
1200
0.449
0.439
0.429
0.420
0.410
0.401
0.392
0.776
0.756
0.738
0.721
0.705
0.688
0.672
1.102
1.076
1.048
1.023
0.999
0.976
0.952
1.431
1.393
1.359
1.325
1.294
1.263
1.233
0.776
0.756
0.738
0.721
0.705
0.688
0.672
900 1.102
950 1.076
1000 1.048
1050 1.023
1100 .999
1150 .976
1200 .952
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
SAMPLE
210585-1
210585-2
210585-3
210585-4
210585-5
210585-6
210585-7
10 He
10 He
10 He
10 He
10 He
10 He
10 He
14 He
14 He
14 He
14 He
14 He
14 He
14 He
---------------------------------------------------------------------------
248
SET D MAIN SO2 AVERAGE TAU Limestone Size
POINT (inches) GAS + 02 TEMPERATURE (seconds) Type (um)
He *
22 He
040685-1
040685-2
040685-3
040685-4
040685-5
040685-6
040685-7
050685-1
050685-2
050685-3
050685-4
050685-5
050685-6
050685-7
050685-8
050685-9
110685-1
110685-2
110685-3
110685-4
110685-5
110685-6
110685-7
030785-1
030785-2
030785-3
030785-4
030785-5
030785-6
030785-7
050785-1
050785-2
050785-3
050785-4
050785-5
050785-51
180785-1
180785-2
180785-3
180785-4
180785-5
180785-6
180785-7
88
111
134
161
189
221
258
112
133
155
181
212
252
292
292
292
156
189
215
239
261
281
300
112
133
155
181
212
252
292
155
155
155
155
155
155
112
133
155
181
212
252
292
22 He+50%C02
22 He+50%CO2
22 He+50%C0222 He+50%C02
22 He+50%C0222 He+50%CO2
22 He+50%CO2
22 He
22 He
22 He
22 He
22 He
22 He
900
950
1000
1050
1100
1150
1200
900
950
1000
1050
1100
1150
1200
1200
1200
900
950
1000
1050
1100
1150
1200
1.431
1.393
1.359
1.325
1.294
1.263
1.233
1.759
1.714
1.670
1.628
1.589
1.552
1.515
1.515
1.515
0.449
0.439
0.429
0.420
0.410
0.401
0.392
900 1.759
950 1.714
1000 1.670
1050 1.628
1100 1.589
1150 1.552
1200 1.515
1000 1.670
1000 1.670
1000 1.670
1000 1.670
1000 1.670
1000 1.670
900 1.759
950 1.759
1000 1.759
1050 1.759
1100 1.759
1150 1.759
1200 1.759
SAMPLE
He *
He *
He
He *
He *
He 02
He post
6 He
6 He
6 He
6 He
6 He
6 He
6 He
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
Spar
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
45-53
19-21
10-12
5-7
2-3
2-3
45-53
45-53
45-53
45-53
45-53
45-53
45-53
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Appendix G: Experimental Results
Conversions and Surface Areas
CONVERSION SURFACE AREA
Xi X2 m2/g m2/gCaO+CaSO4
220584-1
220584-2
220584-3
220584-4
220584-5
220584-6
220584-7
220584-8
220584-9
220584-10
060684-1
060684-2
060684-3
060684-4
060684-5
060684-6
060684-7
060684-8
060684-9
060684-10
140684-10
140684-2
140684-3
140684-4
140684-6
140684-7
140684-8
140684-9
140684-10
280684-1
280684-2
280684-3
280684-4
280684-5
280684-6
280684-7'
280684-8
280684-9
0.797
0.470
0.274
0.127
0.000
0.880
0.809
0.626
0.344
0.087
0.895
0.818
0.729
0.614
0.256
1.000
1.000
1.000
0.724
0.412
0.605
0.324
0.174
0.165
0.983
0.987
0.869
0.610
0.314
0.435
0.343
0.170
0.110
0.095
0.608
0.457
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.053
0.039
0.042
0.043
0.031
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.246 0.000
0.115 0.000
SAMPLE
35.0
22.9
9.9
0.6
0.4
31.9
30.7
25.4
16.7
0.6
7.6
23.8
30.9
27.5
11.3
8.9
9.3
8.8
5.3
8.5
26.7
13.2
8.5
0.6
21.2
24.7
24.4
19.8
9.8
23.1
15.0
0.8
0.4
0.3
27.2
20.9
0.8
0.3
62.7
82.8
67.4
8.9
UNDEFINED
49.3
53.8
63.7
87.5
12.9
10.9
39.1
59.9
67.0
78.9
11.0
11.6
11.0
10.5
33.5
70.0
74.1
94.3
7.0
27.5
31.8
38.4
51.3
56.9
77.4
66.9
8.3
5.6
5.8
59.3
65.7
5.1
3.9
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SAMPLE CONVERSION SURFACE AREA
Xi X2 m2/g m2/gCaO+CaSO4
280684-10
280684-11
280684-12
280684-13
280684-14
280684-15
280684-7
130784-6
130784-1
130784-2
130784-3
130784-4
130784-5
130784-7
130784-8
130784-9
130784-10
130784-1B
170784-1
170784-2
170784-3
170784-4
170784-5
170784-6
170784-7
170784-8
170784-9
170784-10
020884-1
020884-2
020884-3
020884-4
020884-5'
020884-6
020884-5
070884-1
070884-2
070884-3
070884-4
070884-5
070884-6
070884-7
070884-8
070884-9
070884-10
0.050
0.810
0.477
0.398
0.148
0.041
0.371
0.844
0.823
0.779
0.539
0.278
0.000
0.769
0.547
0.432
0.227
0.771
0.802
0.972
0.970
0.980
0.946
0.944
1.000
1.000
0.991
0.949
0.919
0.924
0.909
0.816
0.656
0.568
0.297
0.580
0.788
0.882
0.918
0.931
0.000
0.000
0.000
0.072
0.196
0.000
0.048
0.032
0.038
0.013
0.012
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.061
0.054
0.053
0.027
0.013
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.4
25.1
15.2
1.3
2.5
0.5
0.9
34.9
31.9
32.5
25.8
0.7
1.4
3.8
29.7
5.7
10.1
28.9
13.6
17.6
4.4
5.1
8.4
6.2
7.5
6.1
6.2
6.7
41.5
29.1
20.4
23.9
3.7
3.8
10.6
1.8
15.1
13.3
4.0
23.9
0.4
0.4
0.4
0.4
0.6
13.3
35.2
42.8
4.3
25.6
14.3
3.8
57.6
54.5
60.0
78.6
4.3
UNDEFINED
7.1
88.7
22.7
84.4
54.3
24.0
23.2
5.8
6.7
11.6
8.3
9.3
7.6
7.9
9.1
59.8
41.6
29.9
41.4
8.7
10.9
65.4
5.1
27.4
20.5
5.8
33.8
UNDEFINED
UNDEFINED
UNDEFINED
UNDEFINED
5.7,
-------------------------------------------
-------------------------------------------
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SAMPLE CONVERSION SURFACE AREA
Xi X2 m2/g m2/gCaO+CaSO4
070884-11 0.000 0.000 0.4 UNDEFINED
070884-12 0.007 0.000 0.4 UNDEFINED
070884-13 0.000 0.000 0.4 UNDEFINED
070884-14 0.038 0.000 0.5 UNDEFINED
070884-15 0.209 0.000 0.9 8.5
150884-1 0.939 0.058 2.7 3.6
240884-1 0.938 0.057 10.4 14.2
240884-2 0.882 0.058 4.2 6.3
240884-3 0.871 0.052 6.2 9.4
240884-4 0.777 0.032 5.3 9.5
280884-1 0.965 0.092 32.0 41.4
280884-2 0.965 0.084 29.0 37.6
280884-3 0.953 0.069 27.9 37.1
280884-4 0.891 0.057 20.1 29.6
290884-5 0.380 0.038 13.9 58.6
290884-6 0.588 0.050 13.6 34.5
290884-7 0.771 0.058 8.0 14.4
290884-8 0.873 0.058 9.7 14.7
290884-9 0.934 0.074 11.8 16.0
290884-10 0.938 0.062 20.3 27.7
290884-10' 0.977 0.067 17.0 21.8
290884-11 0.934 0.100 12.8 17.3
210984-1 0.313 0.000 17.9 104.7
210984-2 0.316 0.000 17.3 99.9
210984-3 0.447 0.000 23.1 88.9
210984-4 0.456 0.000 25.0 93.6
210984-5 0.348 0.000 20.9 108.0
---------------------------------
New Furnace Temperature Measurements
011184-1 0.479 0.000 8.9 31.6
011184-2 0.730 0.000 15.6 26.2
011184-2 0.730 0.000 17.9 30.1
011184-3 0.764 0.000 17.0 32.4
-.------------------------
281184-1 1.000 0.211 4.4 4.4
281184-2 1.000 0.234 4.3 4.3
281184-3 0.994 0.032 8.7 8.8
281184-4 0.988 0.023 7.5 7.6
---------------------------------
301184-1 0.756 0.055 14.7 27.2
301184-2 0.815 0.058 14.0 23.4
301184-3 0.822 0.064 8.0 13.1
301184-4 0.842 0.065 6.1 9.7
301184-5 0.489 0.040 3.5 11.0
301184-6 0.797 0.051 7.3 10.5
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SAMPLE CONVERSION SURFACE AREA
Xi X2 m2/g m2/gCaO+CaSO4
301184-7 0.972 0.064 9.2 11.9
301184-8 1.000 0.359 9.3 9.3
301184-9 0.972 0.225 12.3 12.8
081284-1 0.993 0.278 3.0 3.0
081284-2 1.000 0.285 3.6 3.6
081284-3 1.000 0.221 4.2 4.2
271284-1 1.000 0.323 3.8 3.8
271284-2 1.000 0.224 4.9 4.9
271284-3 1.000 0.215 8.0 8.0
271284-4 1.000 0.033 10.0 10.4
271284-5 1.000 0.092 5.6 5.9
271284-6 0.989 0.130 7.2 7.6
291284-1 0.546 0.000 11.1 33.2
291284-5 0.888 0.000 32.8 49.9
291284-9 0.938 0.000 30.4 42.5
291284-2 0.584 0.000 15.5 42.6
291284-6 0.847 0.000 29.5 48.2
291284-10 0.924 0.000 24.8 35.5
100185-1 1.000 0.000 52.3 52.3
100185-2A 1.000 0.000 33.4 33.4
100185-28 1.000 0.000 27.8 27.8
180185-2C 1.000 0.000 33.1 33.1
110185-3 1.000 0.000 20.7 20.7
120185-0 0.629 0.000 39.7 82.4
130185-1 1.000 0.000 16.4 16.4
130185-2 1.000 0.000 19.3 19.3
140185-0 0.859 0.000 49.3 66.4
---------------------------------
120185-0 0.629 0.000 39.7 82.4
120185-1 0.462 0.041 26.9 77.2
120185-2 0.275 0.024 10.0 52.1
120185-3 0.113 0.011 3.1 41.4
120185-4 0.162 0.015 6.4 59.0
120185-5 0.262 0.025 8.8 48.3
SAMPLE FROM: 100185-2C (33.1)
120185-6 1.000 0.017 23.9 24.2
120185-7 1.000 0.030 20.5 20.8
120185-8 1.000 0.029 23.9 24.2
120185-9 1.000 0.042 24.4 24.7
120185-10 1.000 0.031 29.6 30.1
---------------------------------
140185-0 0.859 0.000 49.3 66.4
140185-1 0.887 0.116 29.9 36.9
140185-2 0.771 0.106 37.7 56.4
140185-3 0.556 0.063 25.9 59.8
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SAMPLE CONVERSION SURFACE AREA
Xi X2 m2/g m2/gCaO+CaSO
140185-4 0.639 0.102 31.6 59.6
140185-5 0.683 0.068 29.9 53.5
SAMPLE FROM: 130185-2 (19.3)
140185-6 1.000 0.025 20.4 21.3
140185-7 1.000 0.023 16.6 17.4
140185-8 1.000 0.018 16.8 17.5
140185-9 1.000 0.042 15.8 16.5
140185-10 1.000 0.063 19.9 20.7
020385-1 0.245 0.023 5.2 30.7
020385-2 0.277 0.025 11.9 61.7
020385-3 0.339 0.029 11.9 49.3
020385-4 0.632 0.047 24.7 48.4
020385-5 0.802 0.059 30.1 42.7
020385-6 0.497 0.046 14.6 38.3
020385-7 0.358 0.053 13.1 48.3
020385-8 0.529 0.072 19.8 46.7
020385-9 0.868 0.087 35.7 44.7
020385-10 0.940 0.089 38.2 42.6
050385-1 0.883 0.000 46.9 58.8
050385-2 0.795 0.000 44.6 66.0
050385-3 0.712 0.000 41.4 72.2
050385-4 0.289 0.000 13.2 72.0
050385-5 0.247 0.000 10.3 66.9
050385-6 0.919 0.000 53.6 62.9
050385-7 0.905 0.000 51.0 61.4
050385-8 0.604 0.000 26.4 58.0
050385-9 0.445 0.000 22.3 72.8
050385-10 0.426 0.000 19.8 68.2
120385-1 0.277 0.048 9.9 47.3
120385-2 0.663 0.069 21.5 38.9
120385-6 0.381 0.075 11.8 38.8
120385-7 0.904 0.125 27.9 32.8
050485-2 0.894 0.103 32.0 38.4
050485-6 0.910 0.097 26.4 30.8
050485-1 0.945 0.148 21.4 23.5
050485-3 0.929 0.172 27.6 30.9
050485-3' 1.000 0.526
050485-3" 0.825 0.334 19.4 24.3
050485-4 0.929 0.262 25.3 28.1
------------------------------ 
--
120185-1 0.462 0.041 26.9 77.2
080485-1 0.679 0.363 8.0 11.9
080485-2 0.929 0.318 17.6 19.4
080485-3 0.912 0.244 10.2 11.5
080485-4 0.912 0.235 8.0 9.1
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SAMPLE CONVERSION SURFACE AREA
Xi X2 m2/g m2/gCaO+CaSO4
080485-5 0.996 0.246
080485-6 1.000 0.133
100485-1 0.694 0.091
100485-2 0.726 0.000
100485-3
100485-6
100485-4
100485-5
250485- 1
250485-2
250485-4E1
250485-3E
250485-4F2
250485-3F
250485-6
250485-8E
250485-7E
250485-8F
250485-7F
300485-1
300485-2
300485-3
300485-4
300485-5
300485-6
300485-7
300485-8
010585-8E
010585-IF
010585-2E
010585-2F
010585-3E
010585-3F
120185-0
070585-1
070585-2
070585-3
070585-4
0.962
0.973
0.989
0.963
0.769
0.823
0.865
0.838
0.894
0.887
0.981
0.904
0.977
0.922
1.000
0.796
0.795
0.809
0.811
0.981
0.984
0.844
0.987
0.974
0.980
0.989
0.995
0.564
0.545
0.629
0.780
0.898
0.896
0.881
0.120
0.166
0.147
0.263
0.042
0.078
0.032
0.078
0.063
0.106
0.121
0.028
0.122
0.049
0.110
0.113
0.138
0.154
0.178
0.124
0.119
0.124
0.181
0.052
0.189
0.123
0.286
0.132
0.533
0.000
0.000
0.000
0.000
0.000
5.8
3.9
10.0
19.7
13.9
13.0
9.8
12.8
45.7
31.5
40.5
29.3
36.8
24.6
8.0
21.6
8.1
12.9
11.8
32.5
30.8
20.4
20.9
7.0
8.5
10.3
5.6
9.4
3.7
8.0
4.0
1.7
12.2
39.7
37.4
44.8
38.8
31.7
5.9
3.9
16.8
33.4
14.9
13.6
10.1
13.6
69.3
42.6
51.9
38.6
44.4
29.7
8.4
25.9
8.5
14.9
12.0
45.4
42.6
27.4
27.9
7.3
8.8
13.3
5.8
10.0
3.9
8.2
4.1
3.5
19.9
82.4
57.0
54.6
47.5
39.9
1 "E" means the material collected from the edge of the filter.
2 "F" means the material collected from the bulk of the filter.
---------------------------------------
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SAMPLE CONVERSION SURFACE AREA
X1 X2 m 2/g m2/gCaO+CaSO4
070585-5 0.871 0.000
070585-6 0.970 0.000
160585-1
160585-2
160585-3
160585-4
160585-5
160585-6
160585-7
180585-1
180585-8
180585-9
180585-2
180585-3
180585-4
210585-1
210585-2
210585-3
210585-4
210585-5
210585-6
210585-7
230585-1
230585-2
230585-3
230585-4
230585-5
230585-6
230585-7
290585-1
290585-2
290585-3
290585-4
290585-5
290585-6
290585-7
300585-1
300585-2
300585-3
300585-4
300585-5
300585-6
300585-7
0.532
0.796
0.979
0.926
0.900
1.000
1.000
0.086
0.145
0.152
0.152
0.202
0.208
0.137
0.217 0.052
0.487 0.026
0.495
0.490
0.537
0.310
0.531
0.586
0.573
0.575
0.927
0.971
0.415
0.766
0.701
0.662
0.977
0.982
0.976
0.626
0.858
0.814
0.768
0.966
0.977
0.973
0.541
0.827
0.887
0.839
0.818
0.969
0.973
0.044
0.031
0.045
0.023
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
21.0
21.0
18.5
26.6
12.6
13.2
7.7
6.0
5.2
2.5
17.6
12.1
7.8
6.8
14.8
20.0
16.2
11.0
10.0
15.9
17.5
14.1
31.2
18.6
11.8
19.7
13.4
12.4
35.6
40.2
26.3
17.6
22.9
21.7
21.0
31.2
38.1
31.1
24.8
19.0
18.1
19.2
27.0
22.5
42.5
36.6
13.2
14.9
8.9
6.1
5.3
14.7
49.0
32.7
20.9
16.9
74.5
52.3
37.1
25.9
23.5
18.3
18.7
50.1
48.9
33.3
22.8
20.9
14.1
13.2
74.5
52.8
37.6
27.5
24.7
23.0
22.3
79.3
53.0
38.8
33.7
26.9
19.4
20.5
---------------------------------------- --
-------------------------------------------
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SAMPLE CONVERSION SURFACE AREA
Xi X2  m2/g m2/gCaO+CaSO4
010685-1 0.191 0.027 0.3 2.5
010685-2 0.564 0.060 1.8 4.0
010685-3 0.651 0.057 9.3 17.5
010685-4 0.716 0.071 5.1 8.3
010685-5 0.982 0.076 11.4 11.9
010685-6 0.999 0.015 9.2 9.3
020685-8 1.000 0.015 8.2 8.4
020685-1 0.612 0.064 1.8 3.6
020685-2 0.796 0.073 8.2 11.6
020685-3 0.752 0.101 2.1 3.3
020685-4 0.730 0.093 4.0 6.3
020685-5 0.990 0.095 10.1 10.4
020685-6 1.000 0.048 9.3 9.4
020685-7 1.000 0.007 11.8 11.9
040685-1 0.479 0.083 15.9 41.2
040685-2 0.802 0.091 22.8 31.8
040685-3 0.907 0.093 17.8 20.9
040685-4 0.845 0.105 12.4 16.0
040685-5 0.876 0.108 8.0 9.8
040685-6 1.000 0.099 8.4 8.5
040685-7 1.000 0.037 8.6 8.8
050685-1 0.635 0.101 23.3 43.2
050685-2 0.869 0.099 23.0 28.7
050685-3 0.964 0.104 21.4 23.5
050685-4 0.913 0.111 14.7 17.0
050685-5 0.877 0.106 10.3 12.6
050685-6 1.000 0.113 8.0 8.1
050685-7 1.000 0.090 7.5 7.6
050685-8 0.988 0.000 18.7 19.4
050685-9 0.977 0.036 16.3 17.2
110685-1 0.148 0.032 0.6 4.9
110685-2 0.317 0.041 4.3 18.2
110685-3 0.500 0.055 6.8 17.4
110685-4 0.520 0.045 7.0 17.6
110685-5 0.598 0.050 6.5 13.7
110685-6 0.708 0.057 7.0 11.7
110685-7 0.981 0.043 10.5 11.0
030785-1 0.000 0.013 0.4 21.2
030785-2 0.000 0.005 0.4 54.5
030785-3 0.243 0.030 5.2 30.3
030785-4 0.347 0.050 2.2 8.3
030785-5 0.445 0.076 6.0 16.9
030785-6 0.629 0.098 6.6 12.4.,
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SAMPLE CONVERSION SURFACE AREA
Xi X2 m2/g m2/gCaO+CaSO4
030785-7 0.950 0.080 9.7 10.7
050785-1 0.921 0.109
050785-2 0.953 0.143
050785-3 0.969 0.167
050785-4 0.960 0.248
050785-5 0.881 0.312
050785-51 0.456 0.117
180785-1 1.000 0.060 16.1 16.3
180785-2 1.000 0.089 14.9 15.1
180785-3 1.000 0.095 14.5 14.7
180785-4 1.000 0.112 14.3 14.5
180785-5 1.000 0.145 10.8 10.9
180785-6 1.000 0.169 7.6 7.7
180785-7 1.000 0.140 5.8 5.8
258
Appendix H: Experimental Porosity Results
SAMPLE Hg Area DporelSk Dens2Porosity PorosIty3Sk Dens 4Porosity
m2/g /g-prod (A) (meas) (meas) (prod) (calc) (hidden)
210585-1 0.1 0.4 -5 2.35 0.007 0.039 2.80 0.16
210585-2 11.4 29.7 73 2.24 0.049 0.130 2.90 0.22
210585-4 10.3 24.4 165 2.29 0.082 0.188 2.92 0.20
---------------------------------------------------------------
1.0
14.8
31.2
51.4
27.7
29.0
29.1
66
127
187
268
205
222
2.37
2.21
2.23
2.57
1.92
1.94
1.86
47.0 68 2.22
45.3 78 2.10
16.9 199 2.12
0.5 - 2.18
14.8 172 1.92
5.9 112 1.81
3.2 322 1.95
5.7 361 1.98
4.9 151 1.46
24.2 182 1.91
230585-1
230585-2
230585-3
230585-4
230585-5
230585-6
230585-7
290585-1
290585-2
290585-4
300585-1
300585-2
300585-3
300585-4
300585-5
300585-6
300585-7
070585-1
070585-3
070585-3
010685-1
010685-2
010685-3
010685-5
- 1.96
85 2.23
- 1.755
- 2.45
- 2.19
- 2.05
276 2.00
0.021
0.036
0.100
0.203
0.249
0.216
0.224
0.082
0.130
0.087
0.020
0.089
0.029
0.037
0.062
0.024
0.166
0.012
0.160
0.014
0.003
0.012
0.029
0.070
0.079
0.058
0.175
0.348
0.258
0.223
0.233
0.169
0.168
0.136
2.84
3.04
2.99
2.97
3.22
3.23
3.22
2.95
3.11
3.04
0.3
9.5
17.5
26.6
26.2
27.6
27.4
22.5
34.5
10.8
0.2
10.6
4.8
2.4
4.1
4.5
22.7
0.024
0.028
0.056
0.072
2.76
2.91
2.95
3.18
1 Pore diameter at which half of the total intrusion occurred.
2 Skeletal Density based on intrusion to 60000 psi.
3 Porosity of the products only.
4 Calculated Skeletal Density based on measured chemical composition.
5 No significant intrusion for diameter estimation.
0.054 2.90
0.124 3.08
0.037 3.13
0.051 3.09
0.089 3.08
0.026 3.22
0.174 3.22
0.019 3.05
0.192 3.14
0.018 3.14
0.1 0.2
39.6 48.5
0.12 0.2
.0 0.2
0.2 0.5
0.16
0.26
0.23
0.11
0.30
0.31
0.33
0.23
0.28
0.28
0.24
0.34
0.41
0.36
0.34
0.53
0.34
0.35
0.24
0.44
0.11
0.24
0.30
0.34
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SAMPLE Hg Area Dpore Sk Dens Porosity Porosity Sk Dens Porosity
m2/g /g-prod (A) (meas) (meas) (prod) (calc) (hidden)
<349 >1.82 >0.077 >0.077 3.24 <0.41
182
191
285
317
193
205
232
256
190
190
228
228
190
191
228
229
157
191
2.27
1.98
1.95
1.43
2.10
1.96
1.47
2.07
2.01
2.08
2.04
2.64
2.10
1.82
1.79
1.84
1.74
1.76
1.77
1.81
1.84
040685-1
040685-2
040685-3
040685-4
040685-5
040685-6
040685-7
180785-3
180785-4
180785-5
180785-6
110185-1
110185-1
110185-1
110185-1
110185-1
110185-1
110185-1
110185-1
110185-1
110185-1
Mean 7
Std. Dev.
0.038
0.024
0.018
0.033
0.074
0.117
0.000
0.225
0.199
0.193
0.192
0.16
0.19
0.18
0.12
0.16
0.12
0.07
0.13
0.10
0.12
0.13
0.03
0.100
0.034
0.021
0.043
0.091
0.117
0.000
0.225
0.199
0.193
0.192
0.16
0.19
0.18
0.12
0.16
0.12
0.07
0.13
0.10
0.12
2.87
3.03
3.11
3.06
3.08
3.18
3.22
3.19
3.18
3.16
3.15
3.25'
3.25
3.25
3.25
3.25
3.25
3.25
3.25
3.25
3.25
0.13 3.25
0.03 0.00
6 July 13, 1985, using penetrometer labeled "2".
7 Mean and Standard Deviations for repeated intrusions into this sample
only. The amount of intrusion varied significantly.
010685-6
1.3
0.4
0.5
2.3
4.3
8.2
0.0
3.3
0.5
0.6
2.9
5.3
8.3
0.0
202 1.91
23 0.26
713026
71303
71501
71502
72101
72401
72402
72601
72602
72604
0.20
0.34
0.37
0.51
0.29
0.34
0.54
0.27
0.29
0.28
0.28
0.16
0.29
0.36
0.39
0.36
0.41
0.43
0.39
0.40
0.38
0.36
0.08
-------------------------------------------------------------------------
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Appendix I: Measured Particle Size Distributions
A portion of Iceland Spar was crushed very finely (< 38 y(), and
separated into narrow size fractions using an Accucut classifier. The
measured size distributions are presented here. These were obtained
using a Micromeritics "Sedigraph," which indirectly measures the velocity
at which the particles fall through a solvent. The solvent used in this
case was isopropanol. Jirong Xlao, a graduate student in this depart-
ment, separated and sized these fractions.
The actual size fractions do not correspond exactly to the calcu-
lated cutoff diameters selected at the Accucut. Because they are not
spherical, the particles behave differently in the classifier, but also
may not fall through the Sedigraph at the rate calculated as if they were
spheres. Therefore, these two systematic errors should be taken into
account if one is to analyze the data more fully.
Figure 8.1 presents the cumulative mass fraction for each sample
against the calculated "spherical equivalent" particle diameter. Note
that some correction may be made for the drift in the zero and full scale
settings.
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FIGURE 8.1: Iceland Spar Particle Size Distributions
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Appendix J: Ionic Diffusion
The 1/2 power dependency of rate and conversion on the reactant
partial pressure can be explained with an ionic diffusion mechanism.
This exercise simply demonstrates how fractional powers are possible in
ionic diffusion.
Following Jostl for the oxidation of cuprous oxide:
02 (g) + 4e-(lat) = 20~(lat) + 4(Cu+)vac + 4(e-)va, (J-1)
where "lat" stands for "lattice" and "vac" are "vacancies". The copper
and electron vacancies are necessarily formed by the inclusion of
the 0= in the lattice, though are not formed at the expense of a Cu
atom. The equilibrium constant is:
K = [(Cu+)vac][(e~)vac]/P(02) (J-2)
since the O= and the e- concentrations in the lattice are assumed
constant. "If there is no appreciable disorder except that caused by
surplus oxygen, then the numbers of defect electrons and of Cu+ vacancies
must be equal, and it follows that"
[(Cu+)vacancies] = [(e~)vacancies] = K*P(02)1/S. (J-3)
The rate of diffusion is assumed to be proportional to the concentration
of these vacancies. Experimentally, a 1/7 power relationship to oxygen
concentration is measured.
For the sulfation of calcium oxide in excess 02: (J-4)
S02(g) + 1/202(g) + 2e-(lat) = SOs=(lat) + (Ca++)vac + 2(e~)vac
and K = E(Ca++)vac][(e-)vac]2/P(S02) (J-5)
since the S03 ~ and the e~ concentrations in the lattice are assumed
constant, and P(02) is constant. It follows then, for this mechanism,
I Jost, W., 1960.
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that: [(e~)vac] = K*P(S02)s/3 . (J-6)
For the diffusion of this divalent ion, though, a different mecha-
nism must prevail, and with it might come a power of 1/2 or 2/3, more
like that measured.
264
Appendix K: Decomposition Rate Control 1ing Mechanisms
The rates and mechanisms of decomposition of calcium carbonate have
been debated for many years. Mass transfer, heat transfer, and chemical
kinetics have all been attributed as the rate limiting step. The appli-
cation of chemical engineering fundamentals, however, should help define
the regimes in which the limitations of each might be important. The
purpose of this appendix is to apply these fundamentals to the decomposi-
tion process, to define and model the different regimes for conditions of
interest, and to fit the experimental decomposition results into this
framework.
Borgwardtl claims to have found intrinsic kinetic control at temper-
atures below 10000C. When the decomposition rate data for 45-53 micron
diameter limestone particles are compared to his findings, they are found
to be close below 9500C, but seem to break away at a nearly constant
rate at higher temperatures, as the Arrhenius-plot presented in Figure
3.8 shows. The decomposition has a very low activation energy in the
range 1000-1200 0C, much less than Borgwardt's observed 49 [kcal/mol].
The conclusion is that some process like heat and/or mass transfer must
become involved above 9500C.
At the higher temperatures studied (1100 to 12000C), the rate some-
times had increased dramatically. Since surface cracks were observed
under SEM on the 12000C samples, these cracks may allow the C02 to escape
and the rate to accelerate to its kinetic limit. Indeed, the formation
of the cracks may be caused by the internal C02-pressure buildup.
Since the activation energy for the kinetic step is high, and that
I Borgwardt, R.H., 1985.
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for diffusion generally low, the kinetic step would be expected to be
limiting at lower temperatures. The larSe amount of data scatter at 900
and 9500C, and the agreement with Borgwardt's data mean that these par-
ticles decompose In a kinetically limited regime. As the temperature is
raised, one or more of the transfer steps will become important, then
limiting. The apparent activation energy in this range does decrease,
and the amount of data scatter does as well.
One observation to be explained is the relation between conversion
and residence time. The shape of the conversion-time curve correlates
with a shrinking-core model for transfer across a growing product layer:
1 - 2(1-XI) + 3(1-Xi) 2/3 = (1/r)*t
See Figure 8.2, which contains all of the decomposition data which has
not reached 100%. Note that within an error band, this function of Xi is
linear In time with a zero intercept. The data does not correlate
with a shrinking-core model with reaction rate control (Figure 8.3):
1 - (1-XI) 1/3 = (1/r)*t.
These observations, with the low activation energy observed, lead
one to conclude that heat and/or mass transfer across the growing shell
of porous oxide must be involved. Therefore it was decided to model the
decomposition's heat- and mass-transfer characteristics. The goal of
this modeling is not the ability to predict conversion-time behavior, but
to help understand the processes occurring during decomposition. In-
creased understanding of these physical processes should help in under-
standing the properties of the material formed and what might control the
rate of sulfation.
To model the heat- and mass-transfer processes in the decomposition,
each of five possible processes was taken in series, and order-of-magni-
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tude analysis was used to eliminate some of the steps. That the heat
input must be balanced stoichiometrically by the molecular C02 formed is
central to this model. The model assumes a shrinking-core reaction
interface and constant product-shell properties. The specifics of the
model and the computer code are presented in Appendix L.
Several processes comprise the decomposition of a particle of cal-
cite. These must all occur in series. First, since the reaction Is
endothermic, heat must be supplied to the particle's surface from the
gas. It must then be transferred within the particle to the sites of
the decomposition. This heat excites the lattice vibrations and allows
ionic C03= to form molecular C02 and ionic 0=. The activation energy for
this kinetic step must be greater than or equal to about 42.6 [kcal/-
mol], 2 the heat of decomposition. The C02 formed must diffuse to the
surface of the particle through pores or past grains, and then into the
external gas.
Using the Biot numbers and order-of-magnitude analysis, it was found
that external heat transfer would dominate internal heat transfer, and
internal mass transfer would dominate external mass transfer. Therefore,
the particles are assumed to be isothermal, with the surface C02 concen-
tration that of the gas. The model predicts some variation in rate with
external gas via its thermal conductivity; that of helium is much higher
than that of argon, and predicted rates in helium using typical condi-
tions increase by 30% to 70% over argon rates.
Stanish and Perlmutter3 note two types of pertinent behavior re-
garding the decomposition and reaction of solids. They find that the
2 298 K.
3 Stanish, M.A., and D.D. Perlmutter, 1984.
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first cycle of dehydration is anomalous in some cases, in that it can
show an induction/nucleation effect, whereas subsequent cycles do not
show this effect. They also find that the rehydration depends on the gas
in which it was annealed.
One of the two relations between the temperature of the particle and
the internal C02 concentration comes from balancing the heat input and
the CO2 formation. The kinetics are assumed to be infinitely fast--at
thermodynamic equilibrium; this provides the second relationship between
temperature and concentration. Unfortunately, the transition between
kinetic and transfer control cannot be predicted with this assumption.
On the other hand, the transition is not what is being modeled. A fun-
damental kinetic expression, which includes rate suppression by C02,
could have been used, if it were available. Borgwardt's rate expression4
is not fundamental by its nature.
The main input parameters of the model are the thermal conductivity
of the gas and the effective mass diffusivity through the particle pro-
duct layer. The former is easy to calculate using correlations based
on theories of gas dynamics.5
Calculating the bulk diffusivity of C02 in a gas is also easy, but
the Knudsen diffusivity calculation must be based on estimates, since
the detailed structure of the product layer is not well known. For the
high surface areas and small pores of this study, Knudsen diffusion
dominates.6 The model assumes no gradients in pore size through the
4 Borgwardt, R.H., 1985.
5 Reid, R.C., J.M. Prausnitz, and T.K. Sherwood, 1977, chapters 9
and 10.
6 Satterfield, C.N., 1970, p. 41.
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product shell. However, the nucleation-sintering model for surface area
formation (Appendix M) predicts a region of relatively high surface area
and very small pore size near the decomposition interface, which forms
just after nucleation. This would contribute little to the measured
surface area, but might be a major restriction to CO2 diffusion. Thus,
the assumption of radially constant physical properties might be im-
proper.
The model Is executed numerically for any desired combination of
temperature, gas, and product layer structure. The results provide
conversion-time relationships and estimates of the particle's self-cool-
ing and internal C02 pressure buildup.
One set of results Is presented in Figure 8.4. This includes two
model predictions for some decomposition data at 10000C. This data is
from decomposing Iceland Spar in Helium. The two model predictions shown
differ only by the input effective diffusivity. Using the measured
average surface area of the CaO (40 [m2/g-CaQ]) and effective porosities
of 0.10 and 0.08, effective Knudsen diffusivities of 3.0x10-4 and
1.9x10-4 [cm2/sec] are calculated. These correspond to cylindrical pore
diameters of 34 and 27 [A]. These are below the pore diameters at which
mercury intrudes into these samples (100-150 [A]).
Figure 8.5 shows the build-up of internal C02 pressure, and the de-
pressed particle temperature for the 0.10 porosity example. The tempera-
ture is depressed by about 500C at the beginning, when the rate is fast,
and slowly approaches that of the gas. The corresponding internal C02
pressure ranges from 2 [atm] to about 4 [atm].
Any set of data with this type of conversion-time curve can be fit
by the model, since one can adjust the mass diffusivity to modify the
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rate. However, the effective diffusivities necessary to match the low
observed rates are much less than expected. This could be explained
by assuming that the C02 flow is limited by very small pores at the
reaction interface, pores which are not accessible to nitrogen absorp-
tion or provide a very small fraction of the measured surface area.
To achieve the low apparent activation energy, the assumed diffu-
sivities must be decreased as the gas temperature is increased to hold
the rate constant under the larger C02 driving forces. This is unreason-
able since the data show that the measured specific surface area de-
creases with increasing temperature, and increased pore or grain dia-
meters would result. This would cause an increase in mass diffusivity.
On the other hand, if the structure (diffusion coefficient) is held
constant, the model predicts a relatively high apparent activation energy
(about 36 [kcal/mol] for one specific set of conditions). The actual
activation energy, when particle temperature is used instead of that of
the gas, is near 39 [kcal/mol]. This is driven by the thermodynamic heat
of decomposition at those temperatures.
It is unlikely, unless something very odd is occurring, that the
structure would adjust itself so that the rate of C02 loss would remain
constant as temperature is increased. The model also does not predict as
large an effect as is seen upon the addition of C02 to the furnace.
(Under C02 diffusion control, 0.5 atm C02 in the gas would only halve the
rate at 9000C (1 atm C02 internally); what, is seen (Figure 3.27) is a
very large effect.) The calculated internal build-up of C02 should
minimize the importance of any external C02.
If only Knudsen diffusion is considered, assuming a constant driving
force, there should be a very low activation energy. The variation of
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this diffusion coefficient is as the square root of temperature; this
results in an activation energy of only 2.6 (kcal/mol] between 900 and
12000C. If the measured surface areas are used to estimate pore dia-
meters for this coefficient, the pores formed at 9000C would be about 170
Angstroms in diameter, and those formed at 12000C would be about 700
Angstroms. Since Knudsen diffusion is directly proportional to pore
diameter, including this observed structural change accelerates the rate
by a factor of about 4. The effective activation energy with these
structural changes combined with Knudsen diffusion is about 17 [kcal/-
mol]. This is not inconsistent with the data.
The effect of any increased driving force (C02 pressure buildup)
with temperature would increase this activation energy up to the heat of
decomposition. Therefore, since such a low activation energy is seen,
the reaction must not be at chemical equilibrium.
As long as equilibrium is assumed, the internal C02 pressure will
increase strongly with temperature, and rates based on its transfer out
will increase with temperature. To explain the increased rate and the
cracking of the particles at the higher temperatures, an internal CO2
pressure model makes sense. The observation of vastly increased rate at
the higher temperatures alludes to a CO2 pressure breakthrough effect.
The C02 pressure must become so high that cracks form to release it. The
lower internal C02 pressure then causes the rate to accelerate. SEM
photos of particles decomposed at 12000C do show cracks not present at
9000C. For this study, no further correlation between samples with the
accelerated rate phenomenon and surface cracks was attempted. This
internal C02 pressure model does not makes sense, however, when explain-
ing the sensitivity to external C02 concentration.
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In summary, the model can predict the shapes of the curves and the
slow observed rates, but must assume smaller pores than those measured.
(A region of very small pores near the decomposition interface is pre-
dicted by the nucleation-sintering surface area model.) The model pre-
dicts C02 pressure buildup within the particle, and self-cooling due
to its endothermicity. However, the low apparent activation energy
cannot be properly accounted for unless either the structure is assumed
to become more restrictive to C02 diffusion as temperature increases, or
the internal C02 pressure becomes less sensitive to temperature. If any-
thing,, the structure would open up since the measured surface areas
decrease as temperature is increased. The only way to achieve such a low
activation energy is to minimize the dependence of C02 pressure on tem-
perature, so a more constant driving force can exist. Thus, the inter-
face cannot be assumed to be at equilibrium.
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Appendix L: Decomposition Heat/Mass Transfer Model
The endothermic decomposition of an initially nonporous particle is
likely to take place with a shrinking-core mechanism, according to King-
ery, et al., I and Levenspiel. 2  Therefore, this model will use the
shrinking-core as a base for estimating decomposition rates and criteria
for controlling mechanisms.
Decomposition Model
Three controlling mechanisms are possible with a shrinking-core:
external transfer, transfer across the growing "ash" layer, and kinetic
control at the shrinking interface. Each has a different, characteristic
conversion-time profile.
The important key to this model is the balance between heat input
and C02 produced; there is 1 mole of CaCO3 decomposed per 39,800 calor-
ies3 absorbed.
External Heat Transfer
External heat-transfer is easily modeled as transfer -to a sphere
with a Nusselt number, Nu, of 2. This stagnant sphere assumption is
valid because the terminal velocities of the particles are small. The
final result is a conversion-time relation:
t/I = X (L-1)
I = R2pAH/(3A(AT)) (L-2)
I Kingery, W.D., H.K. Bowen, and D.R. Uhlmann, 1976, p. 414.
2 Levenspiel, 0., 1979, section 55-1.
3 9000C.
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where i is the total time of decomposition; X is the fractional conver-
sion at time t; R is the particle radius; AH is the heat of reaction; p
is the density of CaCO3; A is the thermal conductivity of the gas; and AT
is the external temperature difference, T(gas)-T(surface).
External Mass Transfer
External mass-transfer is modeled the same way, except:
t = R2p/(3D(AC)) (L-3)
where D is the diffusivity of C02 in the gas; and AC is the external C02
concentration difference, C(surface)-C(gas).
Internal Heat Transfer
The transfer of heat across a growing layer of porous CaO to the
shrinking interface is calculated using:
t/ = 1 + 2(1-X) - 3(1-X)2/3  (L-4)
= R2pAH/(6K(AT)) (L-5)
where K is now the effective thermal conductivity of the porous CaO
layer, which varies with its structure; and AT is now the internal tem-
perature difference, T(surface)-T( interface).
Internal Mass Transfer
The mass transfer from the reaction interface out to the particle
surface is modeled the same way except:
I = R2p/(6De(AC)) (L-6)
where De is the effective diffusivity of C02 through the pores; and AC is
the internal concentration difference, C(interface) - C(surface).
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AnalysIs
Blot number analysis is used to ascertain whether internal or ex-
ternal transfer is more important for each heat and mass. The unknown
parameters are the effective thermal conductivity of the porous oxide, :,
and the internal effective diffusivity, De.
The latter is relatively easy to estimate. Knudsen diffusivity and
bulk diffusivity are set in parallel, and then made an effective dlffu-
sivity using a porosity and tortuosity. 4  For the high surface area
CaO of this study -- Knudsen diffusivity dominates. The challenge is to
determine an accurate estimate for the effective pore diameter. One
problem is that the measurable structure may not be the one which con-
trols the mass transfer; there may be local restrictions that do this.
The thermal conductivity of the porous product layer is more diffi-
cult to estimate since heat has two parallel paths to follow, the solid
and the gas in the pores. Models of the porous structure assume either
the solid or the gas phase Is continuous. The model used here was de-
veloped by Maxwell and applied by Eucken for thermal conductivity. 5
The continuous phase is assumed to be that of the solid CaO, and the
value used is: 0.54 (cal/sec-m-K].
Comparison of the heat-transfer resistances (Biot number, Bfh) shows
that the majority of the temperature difference would be outside the
particle; therefore, the particle is assumed isothermal, and the internal
resistance ignored. Comparison of the masp-transfer resistances (Bim)
shows that the major resistance to C02 flow is through the pores; the
concentration of C02 at the surface is equal to that of the surrounding
4 Satterffeld, C.N., 1970, p. 33.
5 Kingery, et al., p. 636.
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gas.
This leaves one more unknown than equation; an expression is needed
to relate the concentration of CO2 at the interface to the particle
temperature. Either an equilibrium expression or a kinetic expression
which accounts for rate as a function of C02 concentration would do.
Since a fundamental rate expression was not available, the equilibrium
constraint is used. (Borgwardt's rate6 provides an empirical rate, and
not a fundamentally-based one.) Unfortunately, this model can only
predict rates when there is no kinetic resistance; that is, when the
kinetics would be very much faster than the actual rate.
Equation Solution
The equations for external heat transfer and internal mass transfer
were combined, and with the thermodynamic equilibrium relation form a set
of nonlinear equations in temperature and concentration. These are
solved numerically using an iterative method.
The input to the program includes the gas temperature and C02 con-
centration, the main gas, the particle diameter, and a surface area
and porosity. The latter two inputs are combined as an effective pore
size for the Knudsen diffusivity calculation:
R = 2x104 (c/(1-S))/(p*Sg). (L-7)
The pore radius, R, is in (Angstroms]; e is the porosity; p is the
skeletal density of calcium oxide (3.32 [g/cm 3]); and Sg is the specific
surface area [m2/g-Ca0]. Knowing the gas and the temperature is suffi-
cient to estimate its thermal conductivity.
The output from the program is the particle temperature and inter-
6 Borgwardt, R.H., 1985.
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face C02 concentration necessary to satisfy both relations. From these
the time and rate can be calculated at that particular point of the
convers ion.
The FORTRAN code is contained In the following pages. Included is
the main program, CALCHM, and the following subroutines: THCOND which
uses Chapman-Enskog theory and the Eucken correlation to estimate the
thermal conductivity of the gas; CEVISC which calculates the gas vis-
cosity for THCOND and CEDIFF; CALCEQ which calculates AG and AH at a
given temperature; DIFFUS which calculates the effective diffusivity of
C02 in the porous particle; CEDIFF which calculates the diffusivity of a
gas in a mixture of other gases; CALCZE which determines the valid T and
C using RTMI; RTMI which minimizes the residual; and RESI which provides
the residual.
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PROGRAM CALCHM
C
C THIS PROGRAM CALCULATES THE HEAT AND MASS TRANSFER LIMITS
C OF THE CALCINATION OF A SPHERE, GIVEN VALUES FOR CERTAIN
C PHYSICAL PARAMETERS. THE LIMIT IS EXPECTED TO BE EXTERNAL
C HEAT TRANSFER AND/OR INTERNAL MASS (C02) TRANSFER.
C
C IT WAS WRITTEN ORIGINALLY ON A DEC MINC1I SYSTEM, BUT MODIFIED TO
C COMPILE ON AN IBM COMPATIBLE MACHINE, USING MICROSOFT FORTRAN IV.
C
REAL*4 RO,RR,X1,X2,X2XI
REAL*4 C,T,PCO2,TC
REAL*4 DELHDELG
REAL*4 RGAS,PTOT
REAL*4 SGDEFFKGASPOROS
REAL*4 TEXT,CEXT,TO
REAL*4 RHOTIMEHTIMEMTAUHTAUM
INTEGER I,IGAS
C
COMMON/PARAM1/ X2X1
COMMON/PARAM2/ SGPOROSIGASPTOT
COMMON/PARAM3/ CEXT,TEXT
C
OPEN(I,FILE='CALCHM.OUT',STATUS='NEW')
C
PTOT=1.
C!ATM
RGAS=82.057E-06
C!M**3-ATM/MOL-K
TO=273.
RHO=2.71E4
CIMOL/M**3 CACO3
C
WRITE(*,40)
READ(*,*) TEXT
TEXT=TEXT+TO
C!K
C
WRITE(*,50)
READ(*,*) CEXT
CEXT=CEXT/(RGAS*TEXT)
CIMOL/M**3
C
10 WRITE(*,60)
READ(*,*) IGAS
IF(IGAS.LT.1.OR.IGAS.GT.4) GOTO 10
IF(IGAS.EQ.3) GOTO 10
C
WRITE(*,70)
READ(*,*) RO
RO=RO/2.*1.E-06
C!METERS RADIUS
C
WRITE(*,80)
=3 'NIA13>A o'U9A6,, =1 311*8J.IM (0
SJI11VA JHi 3IVinoivoio
(1'3)3Z31VO 11V3
3
1X/UX=TXZX
ZX (,rS', X ,)')311dM 03
Ix (,(VOSI 1  =IX ,)')3118IM 00
88i ((A'isol =08/8 ,,6*) 3i~m 03
o1l/( 1-00 1).lv01j=dk
Z'001aziIl OC 00
3
iJ30'wflvi'HflY±'O3d'3iL'ZX'TX'H3WIi (011'*)11d~M
(001 '03iIJM
zx~wfVVW3WLV= 3
IX*Hflv1=H3W Il
33Si3
01-1i
I*SV98*30Z3d
(H130'Efl3O'1)0301V:3 11VO
061 (,(,1E**W/IOW o,,'1~13 T 03
', =0 'NIA1J>4 o,61*9J', J. o,J,') 311IM (0
S~fl1VA 3HI R3inf3voi3
(1'3)3Z31V3 11V3
IXZX (O(E*S..6i',,xIzx ,)V,6*) 3118M' 03
TX/ZX=1XZX
ZX (1(E*SJi,,=ZX ,,),'*) 118 03
IX (o(E*SJ6,o=X o.),'..) 3118JM 03
88i (,(Z*Sd', 1=08/8 .,)o6*) 3.L1dM (0
0oi/dio
*00 1/( 1-00 1 )1LVO1.J=dd
(016031100
SONI~d (*'*)aVJ
9/Z**Wio
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CD 1 E11.4,'' MOL/M**3'')') T,C
C
CALL CALCEQ(T,DELGDELH)
CALL THCOND(((T+TEXT)/2.),KGAS)
CALL DIFFUS(TDEFF)
PC02=C*RGAS*T
TC=T-TO
TAUH=RO**2*DELH*RHO/(3.*KGAS*(TEXT-T))
C!SEC
TAUM=RO**2*RHO/(6.*DEFF*(C-CEXT))
CISEC
TIMEH=TAUH*X1
C =TIMEM=TAUM*X2
WRITE(*,100)
WRITE(* 9110) TIMEH,X1,X2,TCPCO2,TAUHTAUMDEFF
30 WRITE(1,I10) TIMEH,X1,X2,TC,PCO2,TAUHTAUMDEFF
C
40 FORMAT(' ENTER THE EXTERNAL GAS TEMPERATURE (C): ',$)
50 FORMAT(' ENTER THE EXTERNAL C02 PRESSURE (ATM): ',$)
60 FORMAT(' FOR THE EXTERNAL GAS',/,
1 ' I=Helium',/,
2 ' 2=Nitrogen',/,
3 ' 4=Argon',/,
4 ' ENTER THE NUMBER HERE: ',$)
70 FORMAT(' ENTER THE PARTICLE DIAMETER (microns): ',$)
80 FORMAT(' ENTER THE PARTICLE B.E.T. SURFACE AREA (m**2/g): ',$)
85 FORMAT(' ENTER THE PARTICLE PRODUCT LAYER POROSITY: ',$)
90 FORMAT(' TEXT =',F7.1,' C',/,' PCO2,EXT =',F7.4,' ATM',/,
I ' GAS = # ',I1,/,' DIAMETER =',F5.0,' MICRONS',!,
2 ' SURFACE AREA =',F7.2,' M**2/G',/,' POROSITY =',F4.2)
100 FORMAT(' TIME, X1, X2, TC, PC02, ',
1 ' TAUH, TAUM, DEFF')
110 FORMAT(1X,F7.4,', ',2(F6.4,', '),F7.1,3(', ',F7.4),', ',E11.4)
C
CALL CLOSE(1)
END
C
C SUBROUTINE CALCZE
C
C THIS SUBROUTINE USES AN ITERATION ROUTINE TO
C DETERMINE THE VALUES FOR THE
C TEMPERATURE AND CONCENTRATION OF C02 AT THE REACTING
C CORE OF THE SPHERE. THE EQUATIONS USED ARE
C FIRST A BALANCE BETWEEN THE FLUXES OF EXTERNAL
C HEAT AND INTERNAL MASS, AND SECOND THE EQUILIBRIUM CONDITION.
C
SUBROUTINE CALCZE(CT)
REAL*4 C,T
REAL*4 CEXTTEXT,TO,POROS
REAL*4 RGASPTOTSG
REAL*4 DELGDELHTHOLD
REAL*4 RESID
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INTEGER IERR,IGAS
EXTERNAL RESI
C
COMMON/PARAM2/ SG,POROS,IGASPTOT
COMMON/PARAM3/ CEXTTEXT
C
TO=273.
ClK
RGAS=82.057E-06
C!M**3-ATM/MOL-K
C
CALL RTMI(TRESID,RESI,TOTEXT,0.01,100,IERR)
CD WRITE (*,'(' RESIDUAL= '',E11.4)') RESID
IF(IERR.NE.0) WRITE (*,'(' ERROR, IERR='',12)') IERR
IF(IERR.NE.0) GOTO 120
C
CALL CALCEQ(TDELG,DELH)
C=EXP(-DELG/(1.987*T))*PTOT/(RGAS*T)
C!MOL/M**3
C
CD WRITE (*,'('' ***** CONVERGENCE *****'')')
CD WRITE (*,'('' T= '',F6.1)') T
CD WRITE (*,'('' C= '',E11.4)') C
CD WRITE (*,'('' DELH= '',E11.4)') DELH
CD WRITE (*,'('' DELG= '',E11.4)') DELG
C
120 RETURN
END
C
FUNCTION RESI(T)
C
C THIS FUNCTION EVALUATES A NONLINEAR EQUATION IN T
C AND RETURNS THE RESIDUAL TO SCIENTIFIC SUBROUTINE
C RTMI
C
REAL*4 C,T,XX
REAL*4 CEXTTEXT
REAL*4 DELGDELH
REAL*4 RGASPTOT
REAL*4 DEFFKGASSGPOROS
INTEGER IGAS
COMMON/PARAM1/ XX
COMMON/PARAM2/ SG,POROSIGASPTOT
COMMON/PARAM3/ CEXT,TEXT
C
RGAS=82.057E-06
C!M**3-ATM/MOL-K
C
C FOR EQUILIBRIUM VALUES
CALL CALCEQ(TDELG,DELH)
C
C FOR BULK DIFFUSIVITY
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CALL DIFFUS(TDEFF)
C
C FOR GAS THERMAL CONDUCTIVITY
CALL THCOND(((TEXT+T)/2.),KGAS)
CICAL/SEC-M-K
C
C GAS CONCENTRATION
C=EXP(-DELG/(1.987*T))*PTOT/(RGAS*T)
C!MOL/M**3
C
RESI=(C-CEXT)*(2.*DEFF*DELH/KGAS)-(TEXT-T)*XX
ClK
RETURN
END
C
C SUBROUTINE THCOND
C
C THIS SUBROUTINE CALCULATES THE THERMAL CONDUCTIVITY OF A GAS
C GIVEN ITS 'NUMBER'. FOR THE MONATOMIC GASES, HELIUM AND
C ARGON A VALUE OF GAMMA IS ASSUMED TO BE 5/3 (IDEAL). FOR
C NITROGEN (N2) A VALUE OF CV IS INTERPOLATED AND GAMMA IS
C CALCULATED USING CP-CV=RGAS. THEN THE EUCKEN CORRELATION
C IS USED TO CALCULATE THE THERMAL CONDUCTIVITY. THE GAS
C VISCOSITY IS USED IN THIS CORRELATION AND IS FOUND THROUGH
C CHAPMAN-ENSKOG THEORY (SUBROUTINE CEVISC).
C THE UNITS OF THE THERMAL CONDUCTIVITY ARE:
C (CAL/SEC-M-K)
C
SUBROUTINE THCOND(TEMPKGAS)
REAL*4 TEMP,KGAS
REAL*8 T,K,RGASGAMMA
REAL*8 CVN2,CPN2,B(2,7)
REAL*8 CVVISCMWX(6)
REAL*8 MW1,MW2,MW4
REAL*4 SGPTOTPOROS
INTEGER IIERR,IGAS
C
COMMON/PARAM2/ SGPOROSIGASPTOT
C
C 1=Helium
C 2=Nitrogen
C 4=Argon
C
MWI=4.003D0
MW2=28.013DO
MW4=39.948D0
RGAS=1.987D0
CICAL/MOL-K
T=DBLE(TEMP)
CIK
C
C CALCULATE GAMMACVMW FOR THE GAS
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C
CD WRITE (*,'('' ENTERING THCOND'')')
IF(IGAS.EQ.2) GOTO 130
GAMMA=5.D0/3.DO
IF(IGAS.EQ.1) MW=MW1
IF(IGAS.EQ.4) MW=MW4
GOTO 140
130 CALL INTRPL(TCVN2,7,BIERR)
DATA B/298.DO,4.974D0,400.DO,5.005D0,
1 600.D0,5.210D0,800.DO,5.526D0,1000.DO,
2 5.829D0,1500.DO,6.343DO,2000.DO,6.61600/
CPN2=CVN2+RGAS
GAMMA=CPN2/CVN2
MW=MW2
140 CV=RGAS/(GAMMA-1.D0)
CD WRITE (*,'('' GAS=#',12)') IGAS
CD WRITE (*,'('' MW='',F5.1)') MW
CD WRITE (*,'('' CV=',F5.2,' CAL/MOL-K'')') CV
CD WRITE (*,'('' GAMMA='',F5.2)') GAMMA
C
C CALCULATE VISCOSITY OF THE GAS
C
DO 150 1=1,6
150 X(I)=0.DO
X(IGAS)=1.00
CALL CEVISC(X,TVISCIERR)
CIVISC IN G/SEC-CM
CD WRITE (*,'('' VISCOSITY= '',E11.4,'' POISE'')') VISC
VISC=VISC* 100.DO
CIVISC IN G/SEC-M
C
C CALCULATE THE THERMAL CONDUCTIVITY USING THE EUCKEN
C CORRELATION. UNITS ARE IN CAL/SEC-M-K.
C
K=RGAS*VISC/MW*((1.DO/(GAMMA-1.D0))+9.DO/4.DO)
KGAS=SNGL(K)
CICAL/SEC-M-K
CD WRITE (*,'('' THERMAL CONDUCTIVITY= ',
CD I E11.4," CAL/SEC-M-K'')') KGAS
C
RETURN
END
C ** ********* * **4**********4***4**4**4**4**4**4*4*************************4*4*****4*4*
C
C********** ******* **~** ** ********************
C SUBROUTINE CALCEQ
C
C THIS SUBROUTINE ACCEPTS A VALUE OF TEMPERATURE,
C AND CALCULATES THE VALUES OF THE DELTA G AND
C DELTA H AT THAT TEMPERATURE.
C
C FOR: CaC03 = CaO + C02
C
SUBROUTINE CALCEQ(TDGDH)
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REAL*4 DG298,DH298,A,B,TREF
REAL*4 DHDG,T
C
TREF=298.
CIK
DG298=31290.
CICAL/MOL
DH298=42610.
CICAL/MOL
A=-1.288
CICAL/MOL-K
B=-2.585E-03
CICAL/MOL-K**2
C
DH = DH298 + A*(T-TREF) + (B/2.)*(T**2-TREF**2)
C
C DG/T
C
DG = DG298/TREF + DH298*(1./T - 1./TREF) +
1 A*(ALOG(TREF/T) - (TREF/T -1.)) +
2 B/2.*(2.*TREF - ((T**2 + TREF**2)/T))
C
DG=DG*T
C
CD WRITE (*,'('' DELTA H = '',E1I.4,'' CAL/MOL'')') DH
CD WRITE (*,'('' DELTA G = '',E1I.4,'' CAL/MOL'')') DG
RETURN
END
C
SUBROUTINE DIFFUS(TDEFF)
C
C THIS SUBROUTINE CALCULATES THE EFFECTIVE DIFFUSIVITY OF
C A GAS IN A POROUS PARTICLE
C
REAL*4 TPTOT
REAL*8 PDIFFTDIFFDIFF(6,6)
REAL*4 DBULK,DBEFFDKEFF,DEFF
REAL*4 POROS,TORTRHOMWCO2,SG
INTEGER IGAS,IERR
C
COMMON/PARAM2/ SGPOROS, IGASPTOT
C
RHO=3.25
ClG/CM**3 CAO: RHOPELLET=RHO*(1-POROS)
MWC02=44.01
CIG/MOL
TORT=3.
C POROS=.25
C POROS=.10
C POROS=.51
C SG = M**2/G
C
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C BULK DIFFUSIVITY
C GAS: HEN2,02,AR,C02,SO2
C #: 1, 2, 3, 4, 5, 6
C
PDIFF=DBLE(PTOT)
CIATM
TDIFF=DBLE(T)
C!K
CALL CEDIFF(TDIFFPDIFFDIFFIERR)
IF(IERR.NE.0) WRITE (*,'(' ***** ERROR, IERR='',12)') IERR
DBULK=SNGL(DIFF(5,IGAS))
C!CM**2/SEC
DBULK=DBULK*1.E-04
C!M**2/SEC
DBEFF=DBULK*POROS/TORT
C
C KNUDSEN DIFFUSIVITY, EFFECTIVE
C M**2/SEC
C
DKEFF=1.94E4*(POROS**2)*SQRT(T/MWCO2)/
I (TORT*SG*1.E4*RHO*(1.-POROS))
C!CM**2/SEC
DKEFF=DKEFF*1.E-4
C!M**2/G
C
DEFF=1./(1./DKEFF+1./DBEFF)
CD WRITE (*,'('' DEFF= '',E11.4," M**2/SEC'')') DEFF
C
RETURN
END
C SUBROUTINE RTMI
C
C from DEC - MINCIl Scientific Subroutine Package
C modified for compilation using Microsoft Fortran
C
C SUBROUTINE RTMI
C
C PURPOSE
C TO SOLVE GENERAL NONLINEAR EQUATIONS OF THE FORM FCT(X)=O
C BY MEANS OF MUELLER-S ITERATION METHOD.
C
C USAGE
C CALL RTMI (X,FFCTXLI,XRI,EPS,IEND,IER)
C PARAMETER FCT REQUIRES AN EXTERNAL STATEMENT.
C
C DESCRIPTION OF PARAMETERS
C X - RESULTANT ROOT OF EQUATION FCT(X)=O.
C F - RESULTANT FUNCTION VALUE AT ROOT X.
C FCT - NAME OF THE EXTERNAL FUNCTION SUBPROGRAM USED.
C XLI - INPUT VALUE WHICH SPECIFIES THE INITIAL LEFT BOUND
C OF THE ROOT X.
C XRI - INPUT VALUE WHICH SPECIFIES THE INITIAL RIGHT BOUND
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C OF THE ROOT X.
C EPS - INPUT VALUE WHICH SPECIFIES THE UPPER BOUND OF THE
C ERROR OF RESULT X.
C IEND - MAXIMUM NUMBER OF ITERATION STEPS SPECIFIED.
C IER - RESULTANT ERROR PARAMETER CODED AS FOLLOWS
C IER=0 - NO ERROR,
C IER=1 - NO CONVERGENCE AFTER IEND ITERATION STEPS
C FOLLOWED BY IEND SUCCESSIVE STEPS OF
C BISECTION,
C IER=2 - BASIC ASSUMPTION FCT(XLI)*FCT(XRI) LESS
C THAN OR EQUAL TO ZERO IS NOT SATISFIED.
C
C REMARKS
C THE PROCEDURE ASSUMES THAT FUNCTION VALUES AT INITIAL
C BOUNDS XLI AND XRI HAVE NOT THE SAME SIGN. IF THIS BASIC
C ASSUMPTION IS NOT SATISFIED BY INPUT VALUES XLI AND XRI, THE
C PROCEDURE IS BYPASSED AND GIVES THE ERROR MESSAGE IER=2.
C
C SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED
C THE EXTERNAL FUNCTION SUBPROGRAM FCT(X) MUST BE FURNISHED
C BY THE USER.
C
C METHOD
C SOLUTION OF EQUATION FCT(X)=0 IS DONE BY MEANS OF MUELLER-S
C ITERATION METHOD OF SUCCESSIVE BISECTIONS AND INVERSE
C PARABOLIC INTERPOLATION, WHICH STARTS AT THE INITIAL BOUNDS
C XLI AND XRI. CONVERGENCE IS QUADRATIC IF THE DERIVATIVE OF
C FCT(X) AT ROOT X IS NOT EQUAL TO ZERO. ONE ITERATION STEP
C REQUIRES TWO EVALUATIONS OF FCT(X). FOR TEST ON SATISFACTORY
C ACCURACY SEE FORMULAE (3,4) OF MATHEMATICAL DESCRIPTION.
C FOR REFERENCE, SEE G. K. KRISTIANSEN, ZERO OF ARBITRARY
C FUNCTION, BIT, VOL. 3 (1963), PP.205-206.
C
SUBROUTINE RTMI(X,FFCTXLI,XRI,EPSIENDIER)
C
C PREPARE ITERATION
IER=0
XL=XLI
XR=XRI
X=XL
TOL=X
F=FCT(TOL)
IF(F)1,16,1
1 FL=F
X=XR
TOL=X
F=FCT(TOL)
IF(F)2,16,2
2 FR=F
IF(SIGN(1.,FL)+SIGN(1.,FR))25,3,25
C
C BASIC ASSUMPTION FL*FR LESS THAN 0 IS SATISFIED.
C GENERATE TOLERANCE FOR FUNCTION VALUES.
3 1=0
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TOLF=100.*EPS
C
C START ITERATION LOOP
4 I=l+1
C
C START BISECTION LOOP
DO 13 K=1,IEND
X=.5*(XL+XR)
TOL=X
F=FCT(TOL)
IF(F)5,16,5
5 IF(SIGN(1.,F)+SIGN(1.,FR))7,6,7
C
C INTERCHANGE XL AND XR IN ORDER TO GET THE SAME SIGN IN F AND FR
6 TOL=XL
XL=XR
XR=TOL
TOL=FL
FL=FR
FR=TOL
7 TOL=F-FL
A=F*TOL
A=A+A
IF(A-FR*(FR-FL))8,9,9
8 IF(I-IEND)17,17,9
9 XR=X
FR=F
C
C TEST ON SATISFACTORY ACCURACY IN BISECTION LOOP
TOL=EPS
A=ABS(XR)
IF(A-1.)11,11,10
10 TOL=TOL*A
11 IF(ABS(XR-XL)-TOL)12,12,13
12 IF(ABS(FR-FL)-TOLF)14,14,13
13 CONTINUE
C END OF BISECTION LOOP
C
C NO CONVERGENCE AFTER IEND ITERATION STEPS FOLLOWED BY IEND
C SUCCESSIVE STEPS OF BISECTION OR STEADILY INCREASING FUNCTION
C VALUES AT RIGHT BOUNDS. ERROR RETURN.
IER=I
14 IF(ABS(FR)-ABS(FL))16,16,15
15 X=XL
F=FL
16 RETURN
C
C COMPUTATION OF ITERATED X-VALUE BY INVERSE PARABOLIC INTERPOLATION
17 A=FR-F
DX=(X-XL)*FL*(1.+F*(A-TOL)/(A*(FR-FL)))/TOL
XM=X
FM=F
X=XL-DX
TOL=X
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F=FCT(TOL)
IF(F)18,16,18
C
C TEST ON SATISFACTORY ACCURACY IN ITERATION LOOP
18 TOL=EPS
A=ABS(X)
IF(A-1.)20,20,19
19 TOL=TOL*A
20 IF(ABS(DX)-TOL)21,21,22 -
21 IF(ABS(F)-TOLF)16,16,22
C
C PREPARATION OF NEXT BISECTION LOOP
22 IF(SIGN(1.,F)+SIGN(1.,FL))24,23,24
23 XR=X
FR=F
GO TO 4
24 XL=X
FL=F
XR=XM
FR=FM
GO TO 4
C END OF ITERATION LOOP
C
C ERROR RETURN IN CASE OF WRONG INPUT DATA
25 IER=2
RETURN
END
SUBROUTINE INTRPL(X,Y,N,A,IERR)
C
C PERFORMS A LINEAR INTERPOLATION. GIVEN AN X-VALUE
C AND A LOOK-UP MATRIX (A)=(Xf,Yi) RETURNS A Y-VALUE.
C IF X IS OUT OF THE GIVEN RANGE (IN A), THEN IERR=l OR 2
C IS RETURNED; A VALUE OF Y IS CALCULATED FROM THE CLOSEST
C PAIR OF XY VALUES.
C
REAL*8 X,Y,XIX2,YlY2,A(2,100)
INTEGER N,M,J,IERR
C
C A(1,K)=XK
C A(2,K)=YK
C N=MAX VALUE OF K FOR (A) MATRIX
C M=SUBRANGE OF FIRST X-VALUE .GT. THE INPUT X
C
IERR=0
C
10 IF(X.GE.A(1,l)) GOTO 20
IERR=I
CIWARNING, X UNDER RANGE
M=2
GOTO 60
C
20 IF(X.LE.A(1,N)) GOTO 30
IERR=2
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CIWARNING, X OVER RANGE
M=N
GOTO 60
C
30 DO 40 J=2,N
40 IF(X.LE.A(1,J)) GOTO 50
CIEXIT LOOP IF CORRECT X-RANGE
C
50 M=J
CISUBRANGE FOUND
C
60 X1=A(1,M-1)
X2=A(1,M)
YI=A(2,M-1)
Y2=A(2,M)
C
Y=Y1 + (((Y2-Y1)/(X2-X1))*(X-X1))
C
RETURN
END
SUBROUTINE CEVISC(X,T,MVISCIERR)
C
C THIS SUBROUTINE USES CHAPMAN-ENSKOG THEORY AND
C LENNARD-JONES PARAMETERS TO CALCULATE FIRST PURE
C COMPONENT VISCOSITIES, THEN THAT OF THE MIXTURE.
C THE UNITS OF VISCOSITY CALCULATED ARE:
C (POISE)=(G/CM-SEC)=(DYNE-SEC/CM**2)
C
C CALLS INTRPL TO FIND OMEGA(KT/E)
C
C X ARE THE MOLE FRACTIONS OF THE COMPONENT GASES
C
REAL*8 X(6),T,MW(6),SIGMA(6),PVISC(6),0MEGA(6),C
REAL*8 EPSK(6),KTEPS(6),PHI(6,6),MVISC,OMEGAV(2,70)
REAL*8 SUM
INTEGER N,IERR
C
DATA N/70/
DATA OMEGAV/1.ODO,1.587D0,1.05D0,1.54900,1.1D0,1.514D0,
+ 1.1500,1.48200,1.2D0,1.45200,1.2500,1.42400,1.300,1.399D0,
+ 1.3500,1.375D0,1.400,1.35300,1.45D0,1.333DO,1.5D0,1.31400,
+ 1.5500,1.29600,1.600,1.27900,1.6500,1.26400,1.7D0,1.24800,
+ 1.7500,.1234D0,1.8D0,1.221D0,1.85D0,1.20900,1.900,1.19700,
+ 1.9500,1.186D0,2.0DO,1.175D0,2.1D0,1.156D0,2.2D0,1.238D0,
+ 2.3000,1.12200,2.400,1.10700,2.5D0,1.093DO,2.6D0,1.081D0,2.7D0,
+ 1.069D0,2.8D0,1.05800,2.9D0,1.04800,3.OD0,1.03900,3.100,
+ 1.03000,3.200,1.02200,3.300,1.01400,3.4D0,1.00700,3.500,
+ .999900,3.600,.993200,3.700,.987000,3.800,.981100,3.900,
+ .975500,4.OD0,.970000,4.100,.964900,4.200,.960000,4.300,
+ .955300,4.400,.950700,4.500,.946400,4.600,.942200,4.700,
+ .938200,4.800,.934300,4.900,.930500,5.ODO,.926900,6.ODO,
+ .896300,7.OD0,.872700,8.ODO,.853800,9.OD0,.837900,10.DO,
+ .824200,20.DO,.7432D0,30.DO,.700500,40.DO,.671800,50.DO,
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DO 45 J=1,6
45 SUM=SUM+X(J)*PHI(I,J)
50 MVISC=MVISC+X(I)*PVISC(I)/SUM
CD WRITE (*,'(" MIXTURE VISCOSITY = ',E11.4)') MVISC
C
RETURN
END
SUBROUTINE CEDIFF(T,P,DIFF,IERR)
C
C THIS SUBROUTINE USES CHAPMAN-ENSKOG THEORY AND
C LENNARD-JONES PARAMETERS TO CALCULATE DIFFUSION
C COEFFICIENTS FOR ALL THE GAS-PAIRS.
C
C CALLS INTRPL TO FIND OMEGA(KT/E)
C
C T[K],P[ATM],DIFF(CM**2/SEC]
C
REAL*8 T,P,MW(6),SIGMA(6),EPSK(6),C,OMEGAD(2,70)
REAL*8 KTEPS(6),OMEGA(6,6),DIFF(6,6),KTEIJ
INTEGER NIERR
C
DATA N/70/
DATA OMEGAD/1.00DO,1.439D0,1.05D0,1.40600,1.10DO,1.37500,
+ 1.1500,1.346D0,1.2000,1.32000,1.2500,1.296D0,1.30D0,1.273D0,
+ 1.35D0,1.253DO,1.40DO,1.233DO,1.4500,1.21500,1.5000,1.198D0,
+ 1.5500,1.18200,1.6000,1.16700,1.6500,1.153D0,1.7000,1.140D0,
+ 1.7500,1.12800,1.8000,1.11600,1.8500,1.10500,1.90D0,1.09400,
+ 1.95D0,1.084D0,2.00DO,1.075D0,2.1000,1.05700,2.2000,1.04100,
+ 2.30DO,1.026D0,2.4000,1.012D0,2.5000,.999600,2.6000,.987800,
+ 2.70DO,.9770D0,2.80D0,.967200,2.9000,.957600,3.00DO,.949000,
+ 3.1000,.940600,3.2000,.932800,3.3000,.9256D0,3.40DO,.9186D0,
+ 3.50D0,.9120DO,3.60DO,.9058D0,3.70D0,.8998D0,3.80DO,.8942D0,
+ 3.9000,.888800,4.00DO,.883600,4.1000,.878800,4.2000,.874000,
+ 4.3000,.869400,4.4000,.865200,4.50DO,.8610D0,4.60D0,.8568D0,
+ 4.7000,.853000,4.8000,.849200,4.9000,.845600,5.000,.842200,
+ 6.OD0,.812400,7.OD0,.789600,8.OD0,.771200,9.000,.755600,
+ 10.D0,.742400,20.DO,.664000,30.D0,.623200,40.D0,.596000,
+ 50.DO,.5756D0,60.DO,.5596D0,70.DO,.546400,80.DO,.535200,
+ 90.DO,.5256DOl00.DO,.517000,110.D0,.509100,120.D0,.502200,
+ 130.DO,.4960DO,140.DO,.4903DO,150.DO,.4850D0/
C
C HE , N2 , 02 , AR , C02 , S02
DATA MW/4.006D0,28.02D0,32.00DO,39.94400,44.O100,64.07DO/
DATA SIGMA/2.576D0,3.681D0,3.43300,3.41800,3.99600,4.29000/
DATA EPSK/10.2DO,91.5D0,113.DO,124.DO,190.DO,252.DO/
C
C CALCULATE KT/E VALUES
C
DO 10 1=1,6
10 KTEPS(I)=T/EPSK(I)
C
C INTERPOLATE TO FIND THE VALUES OF OMEGA(DIFFUSIVITY)
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DO 20 I=1,6
DO 20 J=1,I
KTEIJ=SQRT(KTEPS(I)*KTEPS(J))
CALL INTRPL(KTEIJOMEGA(1,J),N,OMEGADIERR)
IF(IERR.EQ.0) GOTO 20
IF(IERR.EQ.1) WRITE
I (*,'(' ***** WARNING ***** INTRPL UNDER RANGE'')')
IF(IERR.EQ.2) WRITE
I (*,'('' ***** WARNING ***** INTRPL OVER RANGE'")')
WRITE (*,'('' ***** WARNING ***** KT/EPS =")') KTEIJ
20 CONTINUE
C
C CALCULATE BINARY DIFFUSION COEFFICIENTS
C
C=1.8583D-03
CIC-E CONSTANT
DO 30 I=1,6
DO 30 J=1,I
SIGIJ=(SIGMA(I)+SIGMA(J))/2.
DIFF(IJ)=C*SQRT((T**3)*(1./MW(I)+I./MW(J)))
1 /(P*(SIGIJ**2)*OMEGA(I,J))
DIFF(J,I)=DIFF(IJ)
CD WRITE (*,'('' BINARY DIFF COEF '',
CD 1 12,'','',12,''='',E11.4)') I,J,DIFF(IJ)
30 CONTINUE
C
RETURN
END
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Appendix M: Surface Area Nucleation, Recrystallization,
and Sintering
Under some conditions, an unusual phenomenon occurs. At low
conversions and early times the measured product surface area is very
low. At later times it then suddenly rises up to a more typical value.
This phenomenon tended to happen with Cianbro l imestone at temperatures
of 10000C, but also occurred with Iceland Spar, and once occurred at
11000C. It happened both in Helium and in Argon, with and without the
presence of S02.
Figures 8.6 and 8.7 contain the CaO-specific surface areas for those
cases in which this phenomenon did occur. Note that the Cianbro areas
also decrease with time (sinter) after reaching a peak in surface area.
This sudden increase in surface area is attributed to a nucleation
phenomenon. Nicholson] worked on the problem of changes in surface
area due to nucleation and sintering during thermal decompositions. His
work reflects that of Gregg, 2 who postulated the initial formation of a
pseudo-lattice, in which the calcium atoms occupy the lattice points from
the original carbonate lattice structure. The subsequent rearrangement
and crystallization occurs after a delayed nucleation step.
Experimentally, the nucleation is seen because of the excellent
quenching provided by the collection probe, which freezes the crystal and
porous structure. The nucleation seems onlyto occur under conditions of
mild decomposition conditions: low temperatures. This may be only
due to rate increases at higher temperatures causing the nucleation to
I Nicholson, D., 1964.
2 Gregg, S.J., 1953.
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FIGURE 8.7: Surface Area Data Showing Nucleation and Sintering
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occur before it is possible to measure It in the furnace.
No other reports of surface area measurements of this kind on
decomposing limestone have been found in the ifterature, although
Glasson3 observed Gregg's metastable structure during slow TGA decompo-
sition using X-ray diffraction.
Sintering was seen with the Clanbro limestone particles and with
sulfated particles, but was not seen with unsulfated Iceland Spar. The
observed sintering drastically increased with temperature, and is
likely caused (in the unsulfated case) by impurities in the Cianbro.
The effect of sulfate presence on sintering was discussed in Section 4.2.
Nicholson created a model which included a nucleation step and a
sintering step in order to explain transient, measured surface areas.
One of his assumptions was that the material decomposes uniformly, and
that the conversion follows time logarithmically. This is not so in this
case. The other problem with his model is that its complex formulation
is analytical, and is difficult to solve; thus, he approximates the
solution with infinite summations.
This model is extended here for the case of particles which decom-
pose shell-wise, and accounts for differences in time for which each
surface area segment has existed; the first material formed may have had
time to recrystallize and sinter while the material at the reaction
interface has yet to nucleate. The interest is in the nascent, newly
formed material and how its properties change with time. It was hoped
that fundamental correlations could be made using the measured response
of specific surface area to changing conditions.
The only two parameters in the model are the nondimensional rates of
3 Glasson, D.R., 1958.
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nucleation and sintering. The output shows that there can be quite a
gradient of surface areas along the radius of the particle. The resul-
ting curves of measurable surface area vs. time or conversion have the
same characteristics of the measured calcium oxide surface areas. See
Figure 8.8. One goal of a more thorough study would be to find a
correlations between furnace or particle conditions and the nucleation
and sintering phenomena. In this study, they are recognized as existing.
The name of the program used to evaluate the model is "SGSHELLS."
(SG for specific surface area.) It is written In Borland's "Turbo"
PASCAL for an MS-DOS 2.10 Compaq computer (IBM compatible), and is
included at the end of this appendix.
Numerically, the specific surface area of each shell is followed,
and a mass-weighted integral is done over all to calculate the measurable
surface area vs. time (or conversion) curve.
The shrinking reaction interface can have any form of progression
desired. For instance, the shrinking-core model with reaction control
gives:
krt = I - (1-XI) 1 /3 . (M-1)
In the model, as the interface moves inward, each "shel1" formed is
assumed to have its own "clock" and nucleates and sinters independently
of the adjacent shells, according to its own clock.
The nucleation is assumed to follow an exponential law (first-order
for simplicity) with a single relaxation time. 4 , 5 Actually, nucleation
can follow any of a number of relationships, depending on its mechanism.
The area formed is proportional to some maximum area determined by the
4 Avraml, M., 1940.
5 Erofeyev, B.V., 1946.
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conditions. (Beruto et al. 6 found up to 116±4 (m2/g].) Its equation
is:
A/A(max) = 1 - exp{-kNt}. (M-2)
This form is convenient for another reason, that the rate constant has
the same units as the kinetic rate constant (sec- 1]. This lends itself
to easier non-dimensionalization of the equations.
The sintering law is empirical. It is simply assumed that the
rate of loss of surface area is proportional to the existing area. This
is a reasonable assumption since the driving force for surface loss is
surface energy, and this should be roughly proportional to surface area.
The equation used is:
dA/dt = -ks*A. (M-3)
Again, the rate constant, kS, has units of (sec-1].
These three relations are combined and the resulting differential
equation:
dA/dt + kS*A = kN*A(max)*exp{-kNt), (M-4)
is normalized to:
4 = A/An(max); (M-5)
' = krt; (1/kr is the total time of decomposition) (M-6)
ON = kN/kr; (M-7)
S = kg/kr, (M-8)
and becomes:
d§/di + St = ONexpf-ONT)- (M-9)
The solution of this, using Laplace transform methods, is:
4 = [ON/(0N-0S)J (expf-0ST) - expf-ONT)), (M-10)
and uses an initial and final condition of zero surface area. The
6 Beruto, D., L. Barco, and A.W. Searcy, 1983.
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singularity which obtains as OS approaches ON is resolved using a
relation provided by Gradshteyn and Ryzhik. 7  At this singularity, the
solution becomes:
limit # (OS * ON) = ONT exp(-ONIl- (M-1i)
The solution for nucleation with no sintering is:
# = 1 - exp{-ON); (0) = 0- (M-12)
The solution for sintering with infinite nucleation kinetics is:
* = exp{-OSj}; #(0) = 1. (M-13)
The combined solution is evaluated numerically for each shell at
each time. The integration is done using Simpson's Rule. The graphical
output to the screen, at an intermediate time, looks like the following
figure (8.8).
These graphs show (Upper Left): the local surface area as a function
of position within the particle (note the position of the reaction inter-
face), (Lower Left): the corresponding cylindrical pore diameter, (Upper
Right): the mass-averaged surface area, as a function of reaction time,
and (Lower Right): as a function of conversion. The latter two (right-
most) show how the measurable surface area would progress. Whereas, the
first shows the large internal surface area gradient: on nucleation near
the reaction front, the surface area first grows, and then with time
sinters as the front moves away from that material.
7 Gradshteyn, I.S., and I.M. Ryzhik, 1980, 0 1.223.
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Program SGSHELLS; (reaction control)
{ this program follows the properties
of different shells of a decomposing limestone. The primary
variables will be the time each shell is formed, the
real time, and the positive difference -- being how long
that shell has been in existence. The times will be used
to calculate the local values of material properties,
specifically surface area changes governed by formation,
nucleation and sintering, and the associated pore
sizes. A "measurable," volume average surface area
will then be calculated as a function of time. }
($U+)
type
Shells = record
Radius : Real; { interface radius 0 < r/R <1 }
Conver : Real; ( conversion when interface at radius }
Formtime : Real; { when interface reaches shell t/tau }
Clock : Real; { time since formation t/tau }
Phi : Real; { surface area A/Amax }
RPore : Real; { pore radius r/rmin }
end;
const
Rmax : Real = 100.0;
var
Shell : array [0..100] of Shells;
i,j : 0..100; { 0 on outside, 100 at center }
Time : Real; { t/tau )
BetaN,BetaS Real; { nucleation, sintering rate constants }
BSmBN,expBNTexpBST Real;
RPplot : Real;
------------------------------------------------------------ }
function AvgPhl : Real;
(Simpson's Rule integration of phi - volume average)
var
IntN,IntD : Real;
J : Integer;
begin (AvgPhi)
IntN := sqr(Shel1(0].Radius)*Shell(0].Phi
+ sqr(Shell[i].Radius)*Shell[i].Phi;
IntD := sqr(Shell(0].Radius)
+ sqr(Shell)i].Radius);
for J := 1 to f-1 do
with Shell[J] do
if (odd(j)) then begin
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IntN := IntN
IntD := IntD
end
else begin
IntN := IntN
IntD := IntD
end;
+ 4.0*sqr(Radius)*Phi;
+ 4.0*sqr(Radius)
+ 2.0*sqr(Radius)*Phi;
+ 2.0*sqr(Radius)
(IntN delr/3.0*IntN;
IntD delr/3.0*IntD;)
AvgPhi := IntN/IntD
end; (AvgPhi}
begin (SGSHELLS)
{initialization)
clrscr;
repeat
gotoXY(44,1);
write(' ':10);
gotoXY(,1);
write('ENTER BETAN = K(nucleation)/K(reaction) > 0: ');
readln(BetaN);
if BetaN>0.0 then begin
gotoXY(44,1);
write(' ':10);
gotoXY(1,I);
write('ENTER BETAS = K(sintering)/K(reaction) > 0: ');
readln(BetaS);
if (BetaS>0.0) and (abs(BetaS-BetaN)>0.001) then begin
HiRes;HiResColor(14)
for i := 0 to 200 dc
plot(78+1,91,1);
plot(358+i,91,1);
plot(78+1,181,1);
plot(358+f,181,1);
end;
for i := 0 to 71 do
plot(78,91-i,1);
plot(358,91-I,1);
plot(78,181-i,1);
plot(358,181-i,1);
end;
begin
plot(78+1,20,1);
plot(358+i,20,1);
plot(78+1,110,1);
plot(358+f,110,1);
begin
plot(280,91-i,1);
plot(560,91-i,1);
plot(280,181-i,1);
plot(560,181-i,1)
gotoXY(16,1);
write('BETA(nucleation) = ',BetaN:3:1,
', BETA(sintering) = ',BetaS:3:1);
gotoXY(21,13); write('r/R');
------------------------------------------------------------
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gotoXY(10,13);
gotoXY(36,13);
gotoXY(56,13);
gotoXY(45,13);
gotoXY(71,13);
gotoXY(21,24);
gotoXY(10,24);
gotoXY(36,24);
gotoXY(58,24);
gotoXY(45,24);
gotoXY(71,24);
gotoXY(3,3); w
gotoXY(3,6); w
gotoXY(3,7); w
gotoXY(3,8); w
gotoXY(3,9); w
gotoXY(3,12);
gotoXY(38,3);
gotoXY(38,6);
gotoXY(38,7);
gotoXY(38,8);
gotoXY(38,9);
gotoXY(38,12);
gotoXY(3,15);
gotoXY(3,17);
gotoXY(3,18);
gotoXY(3,19);
gotoXY(3,20);
gotoXY(3,23);
gotoXY(38,15);
gotoXY(38,17);
gotoXY(38,18);
gotoXY(38,19);
gotoXY(38,20);
gotoXY(38,23);
write('1');
write('0');
write('t/tau');
write('0');
write('I');
write('r/R');
write('1');
write('0');
write('X');
write('1');
write('0');
rite(' 1');
rite(' LOCAL');
rite('SURFACE');
rite(' AREA');
rite(' A/Amax');
write(' 0');
write(' 1');
write('AVERAGE');
write('SURFACE');
write(' AREA');
write(' A/Amax');
write(' 0');
write(Rmax:7:0);
write(' LOCAL');
write(' PORE');
write(' RADII');
write(' R/Rmin');
write(' 0');
write(' 1');
write('AVERAGE');
write('SURFACE');
write(' AREA');
write(' A/Amax');
write(' 0');
for I := 0 to 100 do
with Shell[i] do begin
Radius 1.0 - (f/100.0);
Conver 1.0 - Radius*sqr(Radius);
Clock 0.0;
Formtime := 1.0 - Radius;
{ t/tau = 1 - ( 1-X )^.33
{ t/tau = 1 - r/R }
{ reaction control shrinking core }
Phi := 0.0;
RPore := 0.0
end;
{step through in time steps, equiradif steps)
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for i := 0 to 100 do begin
with Shell[f] do time := Formtime;
for J := I downto 0 do begin
with Shell[J] do begin
Clock := Time - Formtime;
if (BetaN*Clock < 80.0) then expBNT:=exp(-BetaN*Clock)
else expBNT:=0.0;
if (BetaS*Clock < 80.0) then expBST:=exp(-BetaS*Clock)
else expBST:=0.0;
BSmBN:=BetaS-BetaN;
Phi:=BetaN/BSmBN*(expBNT-expBST);
if (Phi <> 0.0) then RPore 1.0/Phi
else RPore := 100.0;
RPplot := Rpore/Rmax;
if RPplot > 1.0 then RPplot 1.0;
draw(80+round((1.0-Radius)*200),90,
80+round((1.0-Radius)*200),20,0);
draw(80+round((1.0-Radus)*200),90,
80+round((1.0-Radius)*200),90-round(Phf*70.0),1);
draw(80+round((1.0-Radius)*200),180,
80+round((1.0-Radius)*200),110,0);
draw(80+round((1.0-Radius)*200),180,
80+round((1.0-Radlus)*200),180-round(RPplot*70.0),1)
end; {with)
end; (for J}
with Shell[f] do
if (1>1) and (not odd(f)) then begin
plot(360+round(Conver*200.0),180-round(AvgPhi*70.0),1);
plot(360+round(Formtime*200.0),90-round(AvgPhi*70.0),I)
end; (then)
end; (for I)
repeat until keypressed;
textmode;
end;end;
until (BetaN<=0.0) or (BetaS<=0.0);
end. {SGSHELLS)
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Appendix N: Calculated Set Points and Residence Times
These values are those used in the experiments when helium was the
main gas. They were calculated using Hastings' TRES program, with the
temperature profiles measured by this investigator. The temperature
averages are defined as that single temperature with which a first-order
reaction with a 49 [kcal/mol] activation energy would achieve the same
conversion as with the given temperature profile.
Average
Temperature (C)
900
950
1000
1050
1100
1150
1200
Table 8N.1: Calculated Set Points
Drop-Distance (inches)
6" 10" 14"
156 90 89
189 120 112
215 150 137
239 180 163
261 210 189
281 240 216
300 271 242
Table 8N.2:
Average
Temperature (C)
900
950
1000
1050
1100
1150
1200
6"
.449
.439
.429
.420
.410
.401
.392
Calculated Residence Times
Drop-Distance (inches)
10" 14"
.776 1.102
.756 1.076
.738 1.048
.721 1.023
.705 .999
.688 .976
.672 .952
(seconds)
18"
88
111
134
161
189
221
258
22"
112
133
155
181
212
252
292
18"
1.431
1.393
1.359
1.325
1.294
1.263
1.233
22"
1.759
1.714
1.670
1.628
1.589
1.552
1.515
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AppendIx 0: Measured Tenperatures
and Biquadrat ic RegressIon Coefficients
Hastings measured furnace temperature profiles with 6 LPM argon
flowing. For this study, the measurements were repeated with helium
f lowing at the same rate, in a lower temperature range. A chromel -
alumel thermocouple (.010" diameter wire) was used. No correction for
radiation was deemed necessary.
The "Set Point" was set at 150, 200, or 250. The total drop dis-
tance, D, from the inlet honeycomb to the collection probe was set at 6,
10, 14, 18, or 22 inches. For each D, temperature was measured at least
twice along a series of distances at the centerline of the furnace. The
increment was either 1 or 2 inches.
These measurements were averaged, and input to Hastings's biquad-
ratic regression routine.
The next five pages contain the temperature and regression data at
each of the five drop distances. The regression coefficients are those
used in Hastings's residence time program. Using the regression, temp-
eratures are predicted for each condition, and the error from the mea-
sured value is calculated. These are listed individually, and are
averaged for each condition to obtain an average error and a standard
error. The errors are all under about 50C.
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Temperature Determination, D=6 inches
BIQUADRATIC REGRESSION COEFFICIENTS
991.83333
46.781250
-2.3000000
0.9947917
-1.6041667
0.8687500
COMPARISON OF AVERAGE READING TO REGRESSION:
SET POINT, Z T(meas) T(pred) Error
150.0 2.0 894.0 895.1 1.1
150.0 3.0 919.5 925.5 6.0
150.0 4.0 925.5 917.5 -8.0
150.0 5.0 870.0 870.9 0.9
200.0 2.0 976.0 971.5 -4.5
200.0 3.0 1003.0 1005.4 2.4
200.0 4.0 1007.0 1000.8 -6.2
200.0 5.0 949.5 957.7 8.2
250.0 2.0 1074.5 1071.8 -2.7
250.0 3.0 1099.5 1109.2 9.7
250.0 4.0 1112.0 1108.1 -3.9
250.0 5.0 1071.5 1068.4 -3.1
WITH AVERAGING OVER 12 OBSERVATIONS:
AVERAGE ERROR OF ESTIMATE= 4.70C
STANDARD ERROR OF ESTIMATE= 5.70 C
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Temperature Determination, D=10 Inches
BIQUADRATIC REGRESSION COEFFICIENTS
1085.2500
41.625000
8.8500000
0.0000000
-1.1458333
0.4000000
COMPARISON OF AVERAGE READING TO REGRESSION:
SET POINT,
150.0
150.0
150.0
150.0
200.0
200.0
200.0
200.0
250.0
250.0
250.0
250.0
z
2.0
4.0
6.0
8.0
2.0
4.0
6.0
8.0
2.0
4.0
6.0
8.0
T(meas) T(pred) Error
963.0
1010.5
1022.0
1012.5
1043.0
1094.0
1105.0
1099.0
1126.0
1174.5
1188.0
1185.5
964.1
1007.7
1023.8
1012.4
1045.0
1090.2
1107.9
1098.1
1125.8
1172.6
1191.9
1183.7
1.1
-2.8
1.8
-0.1
2.0
-3.9
2.9
-1.0
-0.2
-1.9
3.9
-1.8
WITH AVERAGING OVER 12 OBSERVATIONS:
AVERAGE ERROR OF ESTIMATE= 1.90C
STANDARD ERROR OF ESTIMATE= 2.40C
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Temperature Determination, D=14 inches
BIQUADRATIC REGRESSION COEFFICIENTS
1129.1666
43.083333
5.8238095
-4.1666666E-02
-0.7023809
0.2357142
COMPARISON OF AVERAGE READING TO REGRESSION:
SET POINT, Z T(meas) T(pred)
150.0
150.0
150.0
150.0
150.0
150.0
200.0
200.0
200.0
200.0
200.0
200.0
250.0
250.0
250.0
250.0
250.0
250.0
2.0
4.0
6.0
8.0
10.0
12.0
2.0
4.0
6.0
8.0
10.0
12.0
2.0
4.0
6.0
8.0
10.0
12.0
984.0
1039.0
1061.0
1069.0
1063.5
1040.5
1067.0
1122.0
1147.0
1156.0
1152.0
1133.0
1156.5
1207.0
1227.5
1240.5
1238.5
1221.0
988.0
1032.4
1060.0
1070.7
1064.5
1041.5
1072.3
1117.6
1146.2
1157.8
1152.6
1130.5
1155.6
1201.9
1231.3
1243.9
1239.7
1218.5
Error
4.0
-6.6
-1.0
1.7
1.0
1.0
5.3
-4.4
-0.8
1.8
0.6
-2.5
-0.9
-5.1
3.8
3.4
1.2
-2.5
WITH AVERAGING OVER 18 OBSERVATIONS:
AVERAGE ERROR OF ESTIMATE=
STANDARD ERROR OF ESTIMATE=
2. 60 C
3.30 C
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Temperature Determination, D=18 inches
BIQUADRATIC REGRESSION COEFFICIENTS
1112.5416
40.156250
3.6765873
-0.6822916
-0.4927248
7.5892857E-02
COMPARISON OF AVERAGE READING TO REGRESSION:
SET POINT,
150.0
150.0
150.0
150.0
150.0
150.0
150.0
150.0
200.0
200.0
200.0
200.0
200.0
200.0
200.0
200.0
250.0
250.0
250.0
250.0
250.0
250.0
250.0
250.0
z
2.0
4.0
6.0
8.0
10.0
12.0
14.0
16.0
2.0
4.0
6.0
8.0
10.0
12.0
14.0
16.0
2.0
4.0
6.0
8.0
10.0
12.0
14.0
16.0
T(meas) T(pred) Error
958.0
1015.0
1039.5
1054.0
1061.0
1055.5
1040.5
1012.5
1040.0
1100.0
1128.0
1144.0
1151.0
1146.0
1126.0
1109.0
1120.0
1174.0
1197.0
1213.0
1220.0
1216.0
1203.0
1178.0
963.4
1006.0
1036.7
1055.5
1062.6
1057.8
1041.2
1012.8
1050.9
1093.7
1124.7
1143.9
1151.2
1146.8
1130.5
1102.3
1121.9
1165.1
1196.4
1215.9
1223.5
1219.3
1203.4
1175.5
5.4
-9.0
-2.8
1.5
1.6
2.3
0.7
0.3
10.9
-6.3
-3.3
-0.1
0.2
0.8
4.5
-6.7
1.9
-8.9
-0.6
2.9
3.5
3.3
0.4
-2.5
WITH AVERAGING OVER 24 OBSERVATIONS:
AVERAGE ERROR OF ESTIMATE= 3.40C
STANDARD ERROR OF ESTIMATE= 4.60 C
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Temperature Determination, D=22 inches
BIQUADRATIC REGRESSION COEFFICIENTS
1070.6333
40.425000
2.2494949
-1.1958333
-0.3698442
-0.3916666
COMPARISON OF AVERAGE READING TO REGRESSION:
SET POINT, Z
150.0 2.0
150.0 4.0
150.0 6.0
150.0 8.0
150.0 10.0
150.0 12.0
150.0 14.0
150.0 16.0
150.0 18.0
150.0 20.0
200.0 2.0
200.0 4.0
200.0 6.0
200.0 8.0
200.0 10.0
200.0 12.0
200.0 14.0
200.0 16.0
200.0 18.0
200.0 20.0
250.0 2.0
250.0 4.0
250.0 6.0
250.0 8.0
250.0 10.0
250.0 12.0
250.0 14.0
250.0 16.0
250.0 18.0
250.0 20.0
T(meas)
898.0
959.0
986.0
1004.0
1014.0
1017.0
1016.0
1006.0
988.0
962.0
992.0
1052.0
1080.0
1100.0
1114.0
1116.0
1111.0
1101.0
1082.0
1054.0
1070.0
1130.0
1156.0
1173.0
1181.0
1180.0
1173.0
1159.0
1139.0
1106.0
T(pred) Error
904.4 6.4
946.0 -13.0
978.7 -7.3
1002.5 -1.5
1017.5 3.5
1023.5 6.5
1020.7 4.7
1009.0 3.0
988.5 0.5
959.0 -3.0
1006.7 14.7
1046.7 -5.3
1077.8 -2.2
1100.1 0.1
1113.5 -0.5
1118.0 2.0
1113.6 2.6
1100.3 -0.7
1078.2 -3.8
1047.2 -6.8
1080.2 10.2
1118.7 -11.3
1148.2 -7.8
1168.9 -4.1
1180.7 -0.3
1183.7 3.7
1177.7 4.7
1162.9 3.9
1139.2 0.2
1106.6 0.6
WITH AVERAGING OVER 30 OBSERVATIONS:
AVERAGE ERROR OF ESTIMATE= 4.50C
STANDARD ERROR OF ESTIMATE= 6.00C
